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Abstract  
Alluvial deposits within Martian impact craters are sensitive morphologic records of 
modification by liquid water, and can help constrain past climate conditions. This study 
explores the evolution of Late Hesperian-Amazonian-age sedimentary deposits within two 
craters, Mojave and Eberswalde. For Mojave crater, the evolution of intracrater alluvial fan 
systems and the climatic context are poorly understood. Analysis of stratigraphic 
relationships between the fans and crater infill suggests that precipitation which formed the 
systems was temporally closely associated with the impact process. Regional mapping of 
youthful fluvial features within a ~300 km radius of Mojave supports a genetic link between 
the impact event and precipitation, due to dense clustering around the crater. Analysis of five 
additional Late Hesperian-Amazonian craters, which also contain evidence for catchment-fan 
formation by precipitation, shows similar clustering of fluvial activity. Two mechanisms of 
water production are suggested to have formed the features observed: (a) localised impact-
induced precipitation due to impact plume-related atmospheric effects, and (b) a regional 
snowpack which melted locally due to impact-induced heating. Eberswalde crater contains 
multiple sedimentary systems sourced from channels which breach the crater rim, and the 
depositional system as a whole is poorly understood. Mapping of rocks with differing 
characteristics within the second largest depositional system, and reconstruction of 
stratigraphic architecture, shows that the deposit records backstepping of putative deltaic lobe 
sedimentary bodies. The observed sedimentary architecture is best explained by a net 
transgression, likely caused by lake level rise through time. This behaviour is not recorded 
within the best-studied and largest Eberswalde deposit likely due to subsequent burial by 
progradational lobes. In addition, planform evolution of sinuous channels within the largest 
Eberswalde deposit is investigated, and mapped chute cutoffs are suggested as implying that 
overbank flooding occurred.  
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1.1 Mars exploration 
Geologic features such as valley networks, flood channels, and sedimentary fans and deltas, 
show that flows of liquid water have played a large role in shaping the surface of Mars over 
the past four billion years (Carr and Head, 2010). Scientific interest in Mars is strongly driven 
by these discoveries, at least partly because liquid water is a key ingredient in producing 
habitats conducive to harbouring carbon-based life forms. Due to recent rapid advances in 
technology, Mars exploration and scientific research is at an exciting stage. At the time of 
writing, three satellites are currently orbiting Mars: Mars Odyssey, Mars Express and Mars 
Reconnaissance Orbiter. Of these, the latter is the most recent mission, and is currently 
returning image data at a maximum of ~0.25 m pixel
-1 
resolution and topographic data at ~1 
m grid spacing (created using image stereopairs), along with subsurface radar and spectral 
data. In addition, two scientific rovers are in operation: Opportunity, and Curiosity. Of these, 
Curiosity is the most recent (2012) and houses advanced instrumentation, such as multiple 
imaging spectrometers and a mass spectrometer, to closely analyse the sedimentary and 
chemical properties of sedimentary rock targets (Grotzinger et al., 2012).  
Most fluvial features on Mars are over several billion years old, with evidence pointing to an 
early wet warm phase that was supported by a thicker atmosphere, followed by a switch to a 
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colder drier climate that continues into the present day. However, a rapidly growing body of 
new morphological observations indicate that much more recent climatic excursions have 
occurred. This means that past climate conditions may have been conducive to potentially 
harbouring primitive life forms on the Martian surface either episodically, or for more 
lengthy periods, and perhaps more recently than was previously thought likely. In order to 
answer the question, has Mars ever been habitable, it is necessary to characterise the climate 
and geology of Mars, both past and present, through the geomorphic and chemical analysis of 
sedimentary layers that are exposed on the surface of the planet. The analysis of these rocks 
can tell us about the past depositional environments that occurred on Mars. For instance: Was 
liquid water stable on the surface for long periods (e.g., was the feature long-lived or formed 
in a discrete episode(s))? What was the water velocity and grain size likely to have been, 
given what we know about similar depositional environments on Earth (e.g., a lake setting 
versus an alluvial fan)?  
Another key driver of planetary exploration is that the study of terrestrial planets such as 
Mars can help inform our understanding of geological processes and climatic change on 
Earth. Mars is an Earth-like planet that lacks a biosphere (at least as we know it). By 
removing vegetation as a control on processes such as formation of meandering rivers, Mars 
can allow us to gain new insights into similar processes that occur on Earth. Additionally, 
evidence for processes that are rarely observed on Earth, or may have happened episodically 
and had their records subsequently destroyed, remain preserved on Mars due to extremely 
low rates of erosion. For example, large channels carved by catastrophic flood events are 
commonly observed on Mars but extremely rare on Earth (an example would be the 
Channelled Scablands in North America): the study of Martian examples has therefore 
directly led to research advances into the processes which formed the features on both planets 
(Baker, 1978).   
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1.2 A history of Martian geology 
Prior to the last decade of Mars exploration, the geologic history of the planet’s surface was 
thought to be largely controlled by volcanism and large-scale fluvial processes such as 
catastrophic flood events. Since the advent of high spatial and spectral resolution imagery, a 
wealth of new research has confirmed the large role that both water and wind have played in 
shaping the Martian surface through erosion and deposition of sediments at all scales (Carr 
and Head, 2010; Grotzinger et al., 2011; Grotzinger and Milliken, 2012). The varied 
sedimentary rocks which are abundant at all latitudes potentially provide a rich history of the 
tectonic, climatic and biological processes which have operated on Mars (Grotzinger et al., 
2011).  
The current climate is thought to be unsupportive of stable liquid water at the planet’s surface 
(Carr and Head, 2010). Conditions at the surface are close to the ‘triple point’ of water, with a 
mean atmospheric pressure that 6.1 milibars, and a mean annual equatorial temperature of 
215 K (Carr and Head, 2010). This means that the surface pressure is below the critical 
pressure necessary for stable liquid water over half the planet’s surface (Carr and Head, 
2010). In addition, temperatures over the majority of the year are such that liquid water will 
freeze, and then slowly sublimate (Kleinhans, 2009; Carr and Head, 2010). In areas where 
pressure is slightly higher, and temperatures warmest, liquid water may be possible for short 
periods in certain locations even today. However, research indicates that liquid water played 
a much more significant role in the past, and the analysis of fluvial features is now aiding our 
understanding of climate change processes on Mars.  
Martian geologic history has been divided into three epochs, the Noachian (~4.6 to ~3.7 Ga), 
Hesperian (~3.7 to ~3 Ga), and Amazonian (< 3 Ga) on the basis of the density of 
superimposed impact craters (Tanaka, 1986) (Figure 1-1). Noachian surface morphologies 
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indicate high rates of weathering and erosion, impact cratering, tectonism, volcanism, and 
lake and valley formation (Carr and Head, 2010), suggesting that warm and wet conditions 
occurred at least episodically on early Mars. In addition, spectral data shows that the surface 
conditions allowed the formation of hydrous weathering products such as phyllosilicates 
(Poulet et al., 2005; Bibring et al., 2006; Carr and Head, 2010).  
The beginning of the Hesperian epoch is marked by a dramatic reduction in impact cratering, 
weathering, erosion, and fluvial valley formation (Carr and Head, 2010). Hesperian aged 
terrain shows evidence for the largest outflow channel canyons and chaos terrains, which 
formed due to the episodic release of pressurised water (Carr and Head, 2010; Warner et al., 
2011), possibly from beneath a cryosphere. Spectral data shows that abundant sulphates 
rather than phyllosilicates formed from the Late Noachian and into the Hesperian, indicating 
that less water was available at the surface (Bibring et al., 2006). It therefore appears that a 
climatic transition occurred at the end of the Noachian, resulting in a global shift towards a 
much colder, drier climate punctuated by the episodic appearance of large flood events.  
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Figure 1-1: Reproduced from Carr and Head (2010). Shows geological activity as a function 
of time, with the major time periods of Mars history shown.  
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Into the current Amazonian epoch, low weathering and erosion rates have continued, along 
with extremely modest rates of volcanism, tectonism and impact cratering (Carr and Head, 
2010). This time period is thought to have been the driest, with limited evidence for valley 
and outflow channel formation (Carr and Head, 2010). Ice activity formed landforms such as 
the polar layered deposits, periglacial features, glaciers, and lobate debris aprons (Hauber et 
al., 2005; Head et al., 2005; van Gasselt et al., 2005; Carr and Head, 2010; Conway et al., 
2012). Very recent (possibly less than millions of years old) indicators of water activity are 
channelised gullies, which are found on steep north facing crater walls at mid-latitudes, and 
thought to be caused by localised melting of snow related to changes in obliquity 
(Christensen, 2003; Head et al., 2008; Reiss et al., 2008).  
Impact craters which contain alluvial deposits are particularly sensitive and important 
morphologic records of modification by liquid water, and these can be used to help constrain 
climate conditions at the time of their formation (Malin and Edgett, 2003; Moore et al., 
2003a; Moore and Howard, 2005; Kraal et al., 2008; Williams and Malin, 2008; Williams et 
al., 2011; Mangold et al., 2012a; Mangold et al., 2012b; Mangold et al., 2012c). Moore and 
Howard (2005) first revealed that concentrations of fan deposits within craters were present 
in three regions on the southern highlands, and hypothesised that these formed at around the 
Noachian-Hesperian border. Crater count dating, albeit upon small (and therefore less 
reliable) areas of terrain, by Grant and Wilson (2011) suggested that some of these may 
actually have been active more recently, around the Hesperian-Amazonian boundary. 
Mangold et al. (2012a) supported this finding, showing that alluvial fans in southern highland 
craters may have been formed as late as the early Amazonian. In addition, isolated Late 
Hesperian-Amazonian-age examples of craters exhibiting fluvial features such as debris 
flows and alluvial fans have been discovered at equatorial and northern and southern mid-
latitudes. These include the craters Lyot, Hale, Tooting, and Mojave (Tornabene et al., 2007; 
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Reiss et al., 2008; Williams and Malin, 2008; Dickson et al., 2009; Morris et al., 2010; Jones 
et al., 2011; Mouginis-Mark and Boyce, 2012; Peel and Fassett, 2013).  
This rapidly growing body of evidence for relatively recent crater modification by fluvial 
activity identified at varied latitudes indicates that our understanding of climate processes in 
the Late Hesperian to Amazonian requires further investigation. Despite the broadly accepted 
paradigm of a warmer and wetter early climate, followed by a dramatic shift towards a colder 
and dryer climate, it appears that relatively recent departures in local or regional climate may 
also have occurred.    
1.3 Key research questions and objectives 
This thesis contributes to a number of key research questions regarding the climatic 
conditions and processes of erosion and deposition which led to the formation of sedimentary 
structures within youthful (Late Hesperian to Amazonian age) Martian craters. To accomplish 
this, the thesis explores the evolution of contrasting sets of relatively youthful sedimentary 
deposits which are present within two craters, Mojave and Eberswalde.  
1.3.1 Mojave crater  
Mojave crater (7.6°N 33.0°W) contains impressively preserved catchment-fan systems of 
highly varied morphologies upon its crater rim (Williams et al., 2004; McEwen et al., 2007; 
Williams and Malin, 2008). Mojave crater is a highly unusual crater on account of (a) the 
evidence for dense drainage networks thought to be formed by precipitation (McEwen et al., 
2007; Williams and Malin, 2008), and (b) the fact that the crater is thought to house a 
concentration of fluvial features relative to the terrain surrounding it (Williams et al., 2004; 
Williams and Malin, 2008). The geomorphological evolution of the different types of 
catchment-fan system, and how these relate to the climatic history of the crater is poorly 
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understood to date. In addition, the wider climatic context through which the crater 
experienced precipitation is subject to much debate. These two topics have wider 
implications for research into recent climate and sedimentary processes on Mars, given the 
growing body of recently discovered sedimentary deposits within Martian craters. Here, I 
outline the key research questions relating to Mojave crater that are addressed within this 
thesis, and the research approaches adopted:  
Question 1: How did the catchment-fan systems evolve, and how does this fit into the 
wider context of understanding crater rim degradation processes under conditions of 
precipitation?  
As on Earth, analysis of the geomorphology of Martian catchments and fans can help us 
understand more about the climatic and geological setting under which they evolved. For 
instance, is there evidence for a progressive reduction in precipitation over time, which might 
be indicated by late-stage incision on fan surfaces? Is there morphological evidence from fan 
surfaces which might indicate what the style of sediment transport was? In addition, erosion 
of Mojave’s crater rim terminated before it became fully degraded, preserving catchments 
and fans upon intracrater topography, providing a snapshot in time of the erosional and 
depositional processes that occurred. This has important implications for our understanding 
of how crater rims of other complex craters might have evolved under wetter Martian 
conditions (e.g., during the Noachian to early Hesperian epochs). In addition, rover missions 
to crater interiors, such as the current NASA Mars Science Laboratory mission which landed 
on an alluvial fan derived from the crater wall of Gale Crater (Milliken et al., 2010; Anderson 
et al., 2012; Williams et al., 2013), have led to a pressing need to understand the past 
evolution of such environments in greater detail.  
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I carried out the following tasks using (a) Context Camera (CTX) imagery at ~6 m pix
-1
, (b) 
High Resolution Imaging Science Experiment (HiRISE) imagery at 0.25 m pix
-1
, and (c) 
newly produced high-resolution digital terrain models (DTMs) of the northwest crater rim of 
Mojave created from CTX and HiRISE stereopairs at ~18 m and ~1 m grid spacing, 
respectively: 
(1) Based upon widely varying morphologies (eg. shape, gradient, relative drainage 
density, channel planform pattern), catchment-fan systems were systematically categorised, 
described, and their spatial trends upon the crater rim analysed. Comparisons were then made 
between the different types of catchment-fan system and these were linked to the overall 
geomorphology of the crater rim where they are situated. Comparisons with previous studies 
(Williams et al., 2004; Tornabene et al., 2007; Williams and Malin, 2008) of catchment-fan 
systems within Mojave crater were also made.   
(2) Morphometric data from the catchments and fans (area and gradient values) was 
compared to data from terrestrial systems which formed under a wide range of climatic and 
tectonic situations to look for similarities and differences.  
(3) Sediment transport processes were investigated through the analysis of fan surface 
morphology (including the presence or absence of an intersection point, degree of incision, 
and presence of separate fan lobes), the shape of profiles of long flow paths through the 
catchments, and the slope-drainage area characteristics of the catchments.   
(4) In order to calculate the volumes of sediment deposited in the fans, a volumetric 
analysis of selected systems was carried out using two methods in ArcGIS which involve 
subtracting an interpolated topographic surface from the actual topographic surface: (a) 
estimation of the volume of sediment contained within the fan bodies, by interpolating a 
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bedrock surface under the fan, and (b) estimation of the minimum volume of sediment 
removed from the catchments by interpolating a convex hull.  
(5) The above data were critically examined and used to determine how each type of 
catchment-fan system evolved over time, and how this fits into the overall pattern of crater 
wall degradation. The data were used to reach conclusions on the sediment transport 
processes involved in catchment-fan system erosion and deposition. In addition, I use the 
morphology of the catchment-fan systems and crater floor fill to inform us about the timing 
of fan formation relative to the crater impact. The data gathered answering question 1 gave 
important constraints which could then be used to help answer question 2, below.   
Question 2: What was the wider context under which Mojave crater experienced 
precipitation, and is this context applicable to similar Martian craters? 
Williams and Malin (2008) have noted that evidence for precipitation appears to be localised 
to Mojave crater and the terrain immediately surrounding it. They have suggested that there 
may have been a localised source of volatiles, perhaps released during the impact process 
itself. Recently, localised impact-induced precipitation has also been suggested as a potential 
mechanism for the formation of channels and fans within other Late Hesperian to Amazonian 
age craters on Mars (eg. Peel and Fassett, 2013), making this a timely and important research 
question to focus on. However, no research has yet been carried out to make a detailed 
mapping study of the fluvial features surrounding Mojave crater which would be required to 
test whether a localised versus regional climate process might be invoked. This question has 
important implications for understanding the potential mechanisms of water delivery to the 
Martian surface, and our understanding of whether localised or regional to global climate 
fluctuations generated precipitation in the Late Hesperian-Amazonian.   
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To help address this question, I carried out the following specific tasks using (a) a CTX 
mosaic at ~6 m pix
-1 
of the region surrounding Mojave crater, (b) HiRISE imagery covering 
six complex craters in addition to Mojave crater, and (c) newly produced high-resolution 
CTX and HIRISE DTMs of two complex craters that contain Mojave-like catchment-fan 
systems: 
(1) In order to confirm that Mojave crater is of Amazonian-age crater counts were made 
of the underlying target terrain which is stratigraphically overlain by Mojave crater. In 
addition, using Mars Orbiter Laser Altimeter (MOLA) the crater’s depth-diameter ratio was 
measured and compared to values for youthful impact craters.  
(2) Mapping of a ~300 km radius zone surrounding Mojave crater was performed, in 
which the following features were noted: (a) degraded fluvial features such as alcove-fan 
systems and valley networks, (b) channels, catchment and fans of unknown age relative to 
Mojave crater, and (c) channels, catchments and fans that are likely to be Mojave crater age 
or younger (based upon stratigraphic relationships). Patterns in the distribution and density of 
fluvial features around the crater were then explored. Key craters containing examples of 
catchment-fan systems within this ~300 km zone were analysed in detail (using HiRISE 
DTMs where available) in order to explore the mode of water delivery (eg. precipitation 
versus groundwater) and the drainage densities relative to Mojave crater.    
(3) Five further well-preserved Late Hesperian to Amazonian-age craters situated at 
varying latitudes which contain evidence for similar patterns of crater wall erosion and 
development of catchment-fan systems were selected for comparison to Mojave crater. 
Analysis and interpretation of the morphology of intracrater catchment-fan systems was 
carried out in a similar manner to that performed in Mojave crater, as well as a search for 
fluvial features within a ~250 km radius zone for each crater.  
  
30 
 
(4) All potential mechanisms of precipitation provision, ranging from regional/global to 
local in scale, were then discussed critically in relation to the data collected during this study.  
1.3.2 Eberswalde crater 
Eberswalde crater (326.5ºE, 24.3ºS) contains six separate sedimentary deposits which have 
recently been the subject of much interest due to the crater being the runner up candidate site 
for the 2012 Mars Curiosity rover mission. In particular, the largest intracrater deposit (which 
is located just inside the western wall of the crater), is particularly well-preserved. It is >100 
m in thickness, fan-shaped with multiple distributary units, and has cross-cutting sinuous 
channels of up to ~100 m wide on its upper surface (Malin and Edgett, 2003; Rice et al., 
2011; Rice et al., 2012). This deposit has been interpreted as either an alluvial fan (Jerolmack 
et al., 2004) or a lacustrine fan delta (Malin and Edgett, 2003; Moore et al., 2003b; 
Bhattacharya et al., 2005; Lewis and Aharonson, 2006; Wood, 2006; Pondrelli et al., 2008; 
Pondrelli et al., 2011; Rice et al., 2011; Rice et al., 2012). The second best-preserved 
sedimentary deposit within the crater is located inside the southwest crater wall. This deposit 
is also comprised of multiple distributary units but has an alternate structure (elongate) and 
far fewer sinuous channels than the western deposit described above.   
Of the six sedimentary deposits, only the largest (western), has been studied in detail. Based 
upon observed morphologies, a wide variety of estimates have been made regarding the 
timescales of formation for the deposit (ranging from ~100 years to 10
5
 years, depending on 
whether an intracrater lake is proposed) (Jerolmack et al., 2004; Bhattacharya et al., 2005). 
There is also debate over the nature of the proposed intracrater lake: Was it long-lived and 
stable (Wood, 2006), or punctuated by dry periods (Lewis and Aharonson, 2006)? Thus, 
there is a key research need for further understanding of the hydrologic processes leading to 
the formation of the sedimentary deposits within Eberswalde crater.  
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Question 3: How did the southwest sedimentary deposit evolve, and what are the 
implications of this for the geologic processes at Eberswalde crater?  
The sedimentary deposits within Eberswalde crater are thought to have been exhumed 
following burial by airfall deposits (Rice et al., 2012). As a result of this process, a series of 
inverted stratal units which comprise the southwest deposit are preserved. Importantly, the 
majority of these stratal units display outcrops which are observable in three dimensions (in 
contrast to the units that comprise the main (western) deposit), enhancing our ability to 
reconstruct/observe the thicknesses and morphology of the units. The morphologies of 
terrestrial delta systems preserve evidence of depositional processes and environmental 
setting. For example: In what direction did the shoreline move over time (was the system 
transgressive or regressive)? What are the implications of this for changes in lake level or 
sediment transport rate? Therefore, through reconstruction of the evolution of the southwest 
deposit I aim to further constrain the hydrological and geologic processes that occurred 
within Eberswalde crater. 
To help address this research need, I carried out the following specific tasks using (a) CTX 
mosaics at ~6 m pix
-1
, (b) HiRISE imagery at 0.25 m pix
-1
, and (c) high-resolution CTX and 
HIRISE DTMs (at ~18 m and ~1 m grid spacing, respectively) which cover the western half 
of Eberswalde crater: 
(1) With the aid of previous mapping of ten facies within Eberswalde crater upon CTX 
scale imagery by Rice et al. (2012), I identified and described six sedimentary facies which 
are represented in the southwest deposit.  
(2) Detailed mapping of these facies at HiRISE scale that comprise and surrounding the 
southwest deposit was then carried out. Using the studies conducted to date (Rice et al., 2011; 
Rice et al., 2012), and new observations, I placed the sedimentary facies in a stratigraphic 
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framework and interpreted them in terms of whether they represent (a) pre-sedimentary 
basement rocks (crater floor fill), (b) sedimentary rocks that were deposited by the action of 
water, and (c) sedimentary rocks deposited by airfall processes.  
(3) Using the new facies map in combination with topography data from HiRISE 
displayed on a three-dimensional viewing platform, I identified, mapped, and described ten 
stratal units based upon their differing morphologies (for example, lobate versus ribbon-
shaped) and locations within the southwest deposit.   
(4) Multiple topographic transects were taken across each stratal unit, and the elevations 
of basement and sedimentary facies noted. These transects were used to reconstruct the 
thickness of each stratal unit in the upstream-downstream direction, and perpendicular to this. 
In addition, where possible, the dip directions of the sedimentary layers which comprise the 
stratal units were measured.    
(5) Using the data collected in this study an analysis of the relative chronology of each 
stratal unit was made, and each stratal unit interpreted in terms of depositional process. The 
overall evolution of the southwest deposit is compared to the evolution of the largest 
(western) sedimentary deposit within Eberswalde crater. 
Question 4: What role did cutoff events play in the planform evolution of channels 
located on the largest (western) deposit in Eberswalde crater? 
As mentioned above, an observation of sinuous ridges on Mars that resemble meandering 
channels on Earth has been made in recent years. In Eberswalde crater, upon the main (west) 
deposit, there is superb preservation of planform bedding geometries which reveal large-scale 
sedimentary features resembling point bars. High resolution imagery allows detailed 
observations of the exhumed channel morphology and stratigraphy to be made. On Earth, 
meander evolution is characterised by expansion in amplitude of meander bends with time 
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and an increase in channel sinuosity (Howard and Knutson, 1984; Stolum, 1998). Cutoff 
events limit this process, which result in by-pass of a meander loop in favour of a shorter path 
(Lewis and Lewin, 1983; Hooke, 1995), limiting the geometrical complexity of meander 
planforms (Camporeale et al., 2008).  
Previous work by Wood (2006) recognised that cutoff events may have played a role in the 
evolution of channels on the western Eberswalde deposit, however a detailed analysis has not 
yet to be made. For this reason, in chapter 5 I reconstruct the style of meander cut-offs from 
detailed mapping of bedding geometries in extensive planform exposures. I carried out the 
following specific tasks using (a) HiRISE imagery at 0.25 m pix
-1
, and (b) a high-resolution 
HIRISE DTM (~1 m grid spacing) which cover the western sedimentary system in 
Eberswalde crater: 
(1) Firstly, I identified eight incidences of chute cutoff and one incidence of possible neck 
cutoff within the study area. I analysed the bedding geometries within ArcGIS to divide the 
deposits into separate facies (e.g. point bar and channel fill deposits).  
(2) Using methods adapted from Alqhatani (2011), Constantine et al. (2010), Constantine 
and Dunne (2008) and Michali and Larson (2010) I used ArcGIS to conduct a quantitative 
analysis of the chute cutoffs. I digitised the channel outlines and constructed channel 
centrelines. An estimate of paleochannel width was made every 20 m down the channel 
centreline (however, I note that due to migration and preservation of the point bar an accurate 
analysis is not possible). The radius of curvature for each cutoff point bar was measured by 
inscribing a circular arc to best fit the channel centreline curve (after Brice, 1974) and scaled 
by the channel width. Local sinuosities of the cutoff bends were calculated by taking the ratio 
of the centrelines to chute lengths, and the position of the chute channel in relation to the 
cutoff meander loop was noted (see Lewis and Lewin, 1987).  
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(3) I assessed whether the observed cut-off chutes and removed meander bend were likely 
to have been part of a single channel system operating during the same historical period. To 
do this I used a HiRISE DTM to ascertain whether preserved channel sections in the cut-off 
chute and removed bend are exposed at a similar elevation.    
(4) The data collected in this chapter is then discussed in relation to terrestrial river 
systems, research on which has recently led to a better understanding of the hydrology of 
chute cutoff processes, and how the cutoff events can influence the planform dynamics of a 
river system.  
1.4 Thesis structure 
Chapter 1: Introduction. This explains the motivation behind this study. Key research needs 
are identified based upon a literature review of recent knowledge advancements regarding the 
formation of relatively youthful sedimentary deposits within Martian craters.   
Chapter 2: Evolution of alluvial fan systems within Mojave crater, Mars. Data are presented 
on the age of the crater, the distribution of catchment-fan systems within the crater, 
catchment and fan geomorphology, catchment channel profiles, catchment-slope area scaling, 
fan volume.  These data are then examined critically in order to investigate how the 
catchment-alluvial fan systems evolved, what the sediment transport processes might have 
been, and the formation timings of the different types of fan deposit relative to each other, 
and the crater impact event. 
Chapter 3: Crater modification by Amazonian-age precipitation: implications for the 
mechanism and distribution of recent fluvial activity on Mars. Density maps of fluvial 
features situated upon terrain surrounding Mojave crater are presented, along with detailed 
morphological analysis of craters surrounding Mojave crater which contain Mojave-age or 
younger catchment-fan systems. Data are also presented for a further five well-preserved 
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youthful Martian craters which display similar catchment-fan formation to Mojave crater. 
Potential mechanisms of precipitation provision are presented and explored in the context of 
the data collected.   
Chapter 4: Stratigraphic architecture of sedimentary deposits in Eberswalde crater, Mars. 
Facies and stratal units present within the southwest deposit are identified and mapped at high 
resolution. The stratal architecture of the deposit is reconstructed and the evolution of the 
system as a whole described.  
Chapter 5: Planform evolution of Martian meanders in Eberswalde Crater determined by 
chute cut-off events: implications for Eberswalde fan hydrology. Mapping of strata present on 
the upper surface of the main (western) deposit is presented, and locations of cut-off events 
mapped. Each cut-off is described, including the relative chronology of channel planform 
changes at each location. The implications of multiple cutoffs for the hydrology of the 
deposit are discussed. 
Chapter 6: Conclusions. This chapter summarises the main research findings and highlights 
the general implications of the work along with suggestions for future research.  
Chapter 8: Appendices. This includes data and method descriptions relevant to data chapters 
2, 3, 4 and 5.  
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2.1 Introduction  
Mojave Crater, Mars (7.6°N 33.0°W) contains abundant, impressively preserved, catchment-
alluvial fan systems that are Amazonian in age (Williams et al., 2004; McEwen et al., 2007; 
Tornabene et al., 2007; Williams and Malin, 2008). The fans are predominantly located 
within the crater wall topography (Melosh and Ivanov, 1999; Kenkmann and von Dalwigk, 
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2000; Osinski and Lee, 2005), which is composed of successively downstepping montane 
ranges separated by intervening basins. In contrast, most intracrater alluvial fans observed 
elsewhere on Mars are located at the foot of primary crater-rim topography within 
significantly older Noachian to Late Hesperian-age craters, and form low gradient platforms 
which extend into the crater floor (Craddock and Howard, 2002; Moore and Howard, 2005; 
Kraal et al., 2008; Armitage et al., 2011; Grant and Wilson, 2011; Williams et al., 2011). The 
fan systems within Mojave crater provide evidence for Amazonian-age erosion by water on 
Mars. This is indicated by channels that drain catchments with distinct drainage divides, and 
cross-cutting channels which incise fan surfaces (Williams et al., 2004; McEwen et al., 2007; 
Williams and Malin, 2008). As channels are commonly sourced close to ridge crests, they 
have been interpreted as necessitating a precipitation element (Williams et al., 2004; McEwen 
et al., 2007; Williams and Malin, 2008).   
The Amazonian climate is thought to have been hyper-arid, with surface conditions that were 
largely below the triple point of water and therefore unable to support stable liquid water 
(Carr and Head, 2010). Possible regional and global-scale climate altering mechanisms that 
may have temporarily stabilised liquid water at the surface of Mars after the Late Hesperian 
include large impacts, volcanism and catastrophic floods (Berman and Hartmann, 2002; Burr 
et al., 2002; Carr and Head, 2010; Warner et al., 2010). There is also increasing recognition 
that obliquity changes may have resulted in limited periods of glaciation as recently as the 
Late Amazonian (Head et al., 2003; Forget et al., 2006; Head et al., 2006; Madeleine et al., 
2009). Additionally, evidence for wet periglacial activity resulting from obliquity changes 
has been observed in the mid- (Soare et al., 2008) and equatorial- latitudes (Balme and 
Gallagher, 2009).  
However, the apparent concentration of fluvial features within and directly surrounding 
Mojave crater (Williams and Malin, 2008) may suggest a highly localised source of water, a 
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topic explored in chapter 3 of this thesis. This may argue in favour of an impact related 
process that mobilised volatiles that were within the target surface which may have contained 
ice, water or hydrated minerals at the time of impact, or the impactor itself, if a comet 
(Zahnle and Colaprete, 2004; Williams and Malin, 2008). Some mechanisms which may have 
produced localised impact-induced precipitation include: impact plume-related atmospheric 
effects (Kieffer and Simonds, 1980; Melosh, 1991; Kosarev et al., 2002; Reiss et al., 2008), a 
hydrothermal system (Rathbun and Squyres, 2002; Abramov and Kring, 2005), or a crater 
lake and storm system (Kite et al., 2011). In addition, it is possible that regional or local 
climate processes led to snowfall, and localised melting of this upon warm post-impact crater 
surfaces. This has been suggested as a process for the formation of an alluvial fan in Majuro 
crater, Mars (Mangold et al., 2012).  
Catchment-fan systems on both Earth and Mars carry information in their geomorphology 
about the climate and geological setting under which they evolved. For example, terrestrial 
research has shown that catchment-sediment fan systems exhibit a complex response to 
allogenic forcings such as  changes in hydrologic conditions (Harvey et al., 1999; Densmore 
et al., 2007; Kleinhans et al., 2010), tectonic uplift and subsidence (Allen and Hovius, 1998; 
Densmore et al., 2007; Allen, 2008) and base level change (Blissenbach, 1954; Harvey, 
2002), as well as autogenic lobe switching and incision cycles (Whipple et al., 1998; Clarke 
et al., 2010; Reitz et al., 2010). The catchments and fans in Mojave crater therefore also have 
the potential to provide a record of changes in these variables over time.  
The geomorphological evolution of the catchment-fan systems in Mojave crater is not yet 
well understood. In this chapter, I use Mars Reconnaissance Orbiter (MRO) HiRISE imagery 
(25 cm pix
-1
), context camera (CTX) imagery (6 m pix
-1
) and
 
derived digital terrain models 
(DTMs) (HiRISE DTM at ~1 m pix
-1
; CTX DTM at ~18 m pix
-1
) to provide a new analysis of 
the geomorphic and temporal development of the catchment-fan systems that should be 
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considered in future climate and hydrologic models. My main aims are to reconstruct the 
geological evolution of the catchment-fan systems, and look at the hydrological implications 
of fan formation within Mojave crater. In this chapter I provide insight into the following 
questions:  
(1) How do catchment-fan system characteristics vary around the crater rim? In order to 
look at the distribution of landforms inside and outside the crater, I divided features into 
categories based upon the location of the source area (eg. the type of rock that the catchment 
is eroded into, whether that be an isolated range present on the crater wall, or an intermontane 
topographic low), the morphology of the catchments (eg. shape, gradient, drainage density, 
channel planform), and the morphology of the fans (as for the catchments). The locations of 
the catchment-fan systems were analysed in order to account for differences in substrate, 
topography or water availability.  
(2) How did the different types of catchment-fan system in Mojave evolve? To approach 
this question I combined the use of geomorphological observations and quantitative data, and 
compared these to catchment-fan systems studied on Earth. In addition, observations from 
three different study areas around the crater rim were compared in order to provide insight 
into the stages of crater rim degradation as a whole. These observations have implications for 
how we understand the evolution of older complex craters subject to erosion by precipitation 
during the warmer and wetter Noachian to Early Hesperian epochs (Carr and Head, 2010).    
(3)  Is there morphological evidence for changes in climate over time? I analysed the 
variation in grain size across the fans (through measuring resolvable clasts, taking into 
account the maximum image resolution of 0.25 m pix
-1
), the distribution and variation in 
gradient of fan lobes which are separable by cross–cutting channels, and the presence or 
absence of incised channels on fan surfaces. For example, if climatic conditions changed over 
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time, we might expect to see fan lobes that have differing characteristics due to variations in 
the sediment to water ratio. I also analysed the morphology of the fan surfaces for evidence 
of debris flow versus fluvial behaviour. Catchment hydrologic analysis was carried out to 
determine the potential flow paths within the catchments, and the long profiles of selected 
channels, and the slope-drainage area characteristics of each basin were extracted.  
2.2 Methods 
2.2.1 Image and topography datasets 
I used newly created HRSC (~ 25 m grid spacing), CTX and HiRISE  DTMs, along with their 
respective orthoimages. The resolutions for the HRSC, CTX and HiRISE orthoimages are 
~12 m, ~6 m and ~0.4 m. The images used for the creation of the DTMs and orthoimages 
were: (1) HRSC image h2009_01_002, (2) CTX stereo pair P19_008496_1875 and 
P21_009076_1875, and (3) HiRISE stereo pair PSP_002167_1880 and PSP_001481_1875. 
The methods for DTM creation are detailed in Kim and Muller (2009), Kim et al. (2012) and 
appendices 7.1.1 and 7.1.2, and were carried out by Jung-Rack Kim. Assessment of DTM 
vertical precision has been performed by Dr Jung-Rack Kim (in Kim et al., 2012) by 
comparing Mars Orbital Laser Altimeter (MOLA) spot heights, which have a vertical 
accuracy of ~1 m (Som et al., 2008) to the CTX and HiRISE DTMs. Agreement is high with 
errors of < 10 m in both CTX and HiRISE products. Relative accuracy for the HiRISE 
products is in the tens of centimetres.  
Additional CTX (full crater coverage) and HiRISE images (where available) were acquired at 
resolutions of ~6 m pix
-1
 and ~0.25 m pix
-1
, respectively. The CTX images were processed by 
the author of this thesis using ISIS 3.0 software (distributed by the United States Geological 
Survey), using a sinusoidal map projection type. HiRISE imagery is provided  by NASA in 
an equirectangular projection and does not require additional processing by the user. Errors in 
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CTX area measurement due to image distortion (as a result of the choice of a non area 
preserving map projection) is likely to be low, especially in equatorial regions (the amount of 
distortion increases with latitude). HiRISE images cover a small area (< 6 km strip width) 
and are currently used in this map projection for landing site measurements – there is no easy 
way to estimate the distortion and it is thought to be negligible.  
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2-1: (A) Mojave Crater introductory overview map. (B) Western study area. (C) Ranges A 
and B (northwest study area). (D) Range A close-up. (E) Range B close-up.  
 
 
  
50 
 
2.2.2 Mapping and characterisation of catchment-fan systems 
I analysed CTX and HiRISE imagery available across Mojave crater, and categorised 
catchment-fan systems into four major types according to their geomorphological attributes 
and location of source area. These are described and mapped in section 2.3.5. Care was taken 
to account for the differences in resolution between CTX and HiRISE imagery when 
categorising catchment-fan systems, but this may be a small source of error when mapping. 
Three specific study areas were chosen that had stereopair HiRISE coverage and represent 
the full range of catchment-fan morphologies described above. These are located on: the 
northwestern crater rim (HiRISE DTM available), the western rim (HiRISE anaglyph 
available), and the eastern rim (HiRISE anaglyph available). The quantitative techniques 
described in method sections 2.4 to 2.5 have been applied only to the northwest study area 
due to the availability of high resolution topographic data.  
Locations of figures shown in this chapter are indicated on introductory maps (Figure 2-1). 
2.2.3 Crater count statistical analysis 
Whilst Williams and Malin (2008) estimated an age of Amazonian, based upon a previous 
crater count study by Tanaka (1997), this leaves considerable uncertainty requiring more 
detailed crater count work to be undertaken in this study. Therefore, impact crater statistics 
were obtained in order to estimate an absolute model age from the cumulative size frequency 
distribution of mapped craters (Hartmann and Neukum, 2001; Ivanov, 2001). Impact crater 
mapping was performed on (1) the continuous ejecta blanket of Mojave Crater, and (2) the 
target terrain that Mojave is impacted on top of, which consists of a portion of outflow 
channel floor which has been resurfaced by a smooth infill. The results and full methods for 
area (1) are reported in appendix 7.1.6, but are considered to be unreliable due to the poor 
preservation state of the ejecta blanket (due to the friable nature of the material, which does 
not retain small craters).    
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Area (2) is thought to have yielded more reliable results due to the good preservation state of 
the target material and the ability to retain small craters. Therefore, full results are presented 
in the data section of this chapter. Crater counts of diameter D > 200 m were obtained from 
multiple CTX strips (6 m pixel
-1
) using the editor tool within ArcMap. The CTX images used 
for counting were B16_016078_1894, P08_004158_1866, P22_009643_1863, 
G04_019691_1907, P15_006782_1869, P16_007349_1831 and P18_007995_1860. For a 
map showing the crater count area see Figure 7-2, in appendix 7.1.5. All randomly distributed 
impact craters on the flood surfaces were counted. Non-randomly distributed secondary 
craters found in chains or clusters were excluded. Obvious crater chains and clusters occur 
with great frequency close to the Mojave impact crater; therefore, counts are taken mainly 
from the flood channel floor >100 km south, and upstream, of the impact crater itself.  
Crater statistics are presented on log10 binned crater cumulative frequency plots after 
Hartmann and Neukum (2001) in Figure 2-3C. I used the freeware program Craterstats 
(Michael and Neukum, 2010) to plot crater statistics and fit isochrons (with error) to 
determine the absolute age of the flood surfaces. The production function of Ivanov (2001) 
and the chronology functions of Hartmann and Neukum (2001) was utilised to provide a 
model age for the flood channel floor. As the surface showed a kink in the cumulative 
frequency curve (evidence for resurfacing), a resurfacing correction was applied for craters 
smaller than 1 km (Michael and Neukum, 2010). The chronologic boundaries of the Martian 
geologic epochs were chosen following Werner and Tanaka (2011).  
2.2.4 Depth-diameter relationship 
As a secondary measure of Mojave Crater’s age, I examined the relationship between crater 
depth and diameter to assess the relative degree of infilling and crater rim degradation 
compared to other Martian craters. Older craters are more likely to have undergone greater 
erosion, especially if they formed prior to the end of the Noachian-Early Hesperian transition, 
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which is defined by orders of magnitude higher global erosion rates relative to modern Mars 
(Golombek et al., 2006). Various workers have attempted to relate the depths, rim heights and 
volumes of fresh impact craters to crater diameter (Pike, 1980; Garvin et al., 2000; Garvin et 
al., 2003; Boyce et al., 2006; Stewart and Valiant, 2006; Boyce and Garbeil, 2007). Equations 
derived by Garvin et al. (2000; 2003) and Boyce and Garbeil (2007) are presented in the data 
section of this chapter, and used to estimate the degree of post-impact infill in Mojave Crater. 
In order to measure the actual crater depth I clipped an area of MOLA PEDR tracks which 
included the entire crater and rim, and picked the lowest and highest points.  
2.2.5 Catchment analysis 
I used ArcGIS HydroTools 2.0 and GeoMorph Tools Stream Profiler freeware developed by 
Snyder et al. (2000) and Kirby et al. (2003) to perform stream profile and slope-drainage area 
extraction within ArcGIS Desktop 10 and Matlab. For additional information on Stream 
Profiler software and methods used in this study see Wobus et al. (2006) and Whipple et al. 
(2007). The parameters used in the study are shown in appendix 7.1.3.  
2.2.6 Morphometric analysis 
On Earth, geometric relationships have been observed between catchment-fan variables that 
can help us understand more about the conditions under which the systems were eroded and 
deposited. These include: (1) a positive relationship between the area of a catchment and the 
area of its fan (Bull, 1964; Denny, 1965), (2) a negative relationship between catchment area 
and fan gradient (Bull, 1964; Denny, 1965; Hooke, 1968; Viseras et al., 2003; Moore and 
Howard, 2005; Lin et al., 2009), and (3) a positive relationship between catchment and fan 
gradients (Craddock and Howard, 2002; Moore and Howard, 2005). Equations linking these 
variables are discussed in detail in the data section of this chapter, in section 2.6. In this study 
I have measured catchment area, fan area, catchment gradient and fan gradient for the 
catchment-fan systems in Mojave crater which have easily definable catchments and 
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topography data. These have been compared to similar datasets for terrestrial and Martian 
catchment-fan systems explore possible controls on these relationships in terms of climate.  
2.2.7 Fan volumes 
I used two methods to constrain fan sediment volumes: (1) estimation of the sediment volume 
removed from the catchment, and (2) direct estimation of the volume of sediment making up 
the fan bodies. Method 1 utilised ArcGIS to interpolate a convex hull on top of the 
catchments, propped up by the catchment boundary topography plus high elevation regions in 
the catchment interior (“tent poles”). This surface was then differenced from the DTM. 
Method 2 used ArcGIS to interpolate an artificial surface that extends under the fan surface, 
representing the probable lower boundary of fan sediments. To enable this, the slopes of the 
catchment and the basin surface were projected under the fan surface at regular intervals, and 
a surface interpolated between these. To capture additional slope information a 3d point 
buffer of 75 m was also created around each digitised fan surface. I note that Method 2 was 
developed separately by Dr Susan Conway (see acknowledgements). See appendix 7.1.4 for 
full methods. Possible sources of error for method 1 include: (1) Errors in placement of the 
“tent poles” that prop up terrain in the centres of the catchments. This could result in an over 
or underestimate of catchment volume. However, placement was only performed where it is 
very clear that high elevation areas are protruding. (2) As it is impossible to determine the 
original topography prior to erosion, the original rock volume may have been more or less 
than my estimate. This is a possibly large source of error that is unquantifiable. Possible 
sources of error for method 2 include: (1) The placing of profile lines upon fan surfaces. The 
error associated with this is likely to be minimal, as (a) I was systematic with placement, 
ensuring lines were equidistant from each other, and (b) the fans do not vary much in profile 
across their width (they tend to have similar slopes in all directions down fan). (2) Errors in 
the catchment slope used to extrapolate a pre-depositional surface that extends under the fans. 
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These errors will be largely controlled by the extent to which the catchment has altered slope 
due to erosional processes. As the slope was likely to have been lower post erosion, this 
would lead to an underestimate of fan volume. (3) Errors in the slope of sediments at the fan 
toe, also used to extrapolate a pre-depositional surface that extends under the fans. This is 
likely to be less prone to errors than error (2) due to the low slope of the basin sediments (~1-
2°) and the fact that this slope was likely the same pre- and post- fan deposition.  
2.3 Geologic setting of Mojave crater 
2.3.1 Location 
Mojave crater (7.6°N 33.0°W) is located in the circum-Chryse Planitia region within the 
outflow channel system of Tiu and Simud Valles (Figure 2-2A). The crater is ~58.5 km in 
diameter and ~2.6 km deep. It has a complex crater rim structure with multiple inner rings, 
and a prominent uplifted central peak (Figure 2-2B). The well-preserved lobate ejecta blanket 
and secondary crater chains are superimposed over highland terrain and canyon walls that 
have been eroded by catastrophic outflow floods. They are superimposed over a smooth unit 
which infills outflow flood channel floors in this region, and which embays interior canyon 
walls and flood grooves (Figure 2-3A, B).  
The formation age of Mojave crater must therefore be younger than the most recent 
catastrophic outflow flood event which reached Tiu and Simud Valles, as well as resurfacing 
by deposition of the smooth unit within the outflow flood channel.  
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Figure 2-2: (A) Location of Mojave crater (white circle) on outflow channel floor. Extent of 
the continuous ejecta is outlined with a single white line. White boxes show location of 
Figure 2-3A and B. (B) Close-up of Mojave crater. Black arrows show locations of several 
inner ring ranges. Study areas are labelled as NW (study area 1 on northwestern crater rim), 
W (study area 2 on western crater rim) and E (study area 3 on eastern crater rim).     
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Figure 2-3: (A) Location of (A) shown by labelled white box in Figure 2-2A. Black arrows 
show outer lobes of continuous ejecta blanket overlying smooth material which infills the 
flood channel floor. (B) Location of (B) shown by labelled white box in Figure 2-2B. Shows 
catchment-alcoves on the edge of highland terrain south of Mojave crater. Smooth infill 
material on the outflow channel floor abuts the canyon side and may conceal material eroded 
from the alcove. Wrinkle ridges may be observed, potentially indicating that smooth material 
may be lava. Possible secondary impacts from Mojave crater are seen in top-right hand 
corner. (C) Binned cumulative crater frequency histogram for the flood channel floor infill. 
The curve shows a model resurfacing age of the flood channel floor at ~1.5 Ga, giving an 
upper constraint for the age of Mojave crater. Sources of errors include: (1) Local variability 
in the spatial distribution of impact craters: count areas that cover only small areas may not 
capture kilometre-sized impact features. In this case, a large enough area was counted to 
avoid this issue. (2) Resolution or human count fatigue roll-overs. This was avoided by only 
counting craters larger than 200 m in diameter – these are easily large enough to view upon 
CTX resolution imagery. (3) The effective identification of secondary craters. This is likely to 
be the largest source of error due to the fact that Mojave crater would have caused a large 
number of secondary craters in the study area, and is unquantifiable. Therefore, secondary 
craters which are not within a crater chain (these have been excluded) may have been 
included in our counts, artificially increasing the estimated crater age. (4) Area 
measurements from sinusoidally projected CTX images. This may be an issue at higher 
latitudes, but errors are limited nearer the equator.  
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2.3.2 Chronology: impact crater statistics 
Tanaka (1997) mapped the flood channel floors of Simud Vallis and Tiu Vallis (Simud Vallis 
unit; HCs) and found a Late Hesperian (3.41 Ga, Werner and Tanaka, 2011, Ivanov system) 
formation age, based upon crater counts with diameters (D) > 5 km. I have refined the age of 
Mojave crater’s formation using high-resolution crater statistics of smooth material which 
infills the flood channel floor from impact craters with diameter (D) > 200m. Figure 2-3C 
illustrates the derived crater cumulative frequency curves for the smooth unit. A fit to the D > 
1 km crater population provides a model age of ~3.0 Ga (+0.4/-1.0). A kink in the cumulative 
frequency histogram at D < 1 km curve likely indicates a crater resurfacing process. A 
resurfacing correction (Michael and Neukum, 2010), applied to craters < 1 km in diameter, 
provides a resurfacing model age of 1.5 Ga (+/- 0.44 Ga). I suggest that this resurfacing age 
corresponds with the emplacement age of the smooth infill unit. As Mojave crater is impacted 
over this smooth unit, the impact event likely occurred after ~1.5 Ga, which is close to the 
boundary between the early- and Mid Amazonian (1.45 Ga, Werner and Tanaka, 2011, 
Ivanov system).  
2.3.3 Chronology: crater depth-diameter relationship  
Garvin et al. (2000; 2003) developed the following equation for fresh complex craters (on 
Mars, the simple to complex transition occurs at around 7 km diameter (Barlow, 2010) based 
upon examination of MOLA profiles of Martian craters: 
dr = 0.36 D 
0.49 
            (Eq. 2-1),      
where dr = depth (rim to floor) and D = crater diameter. Based upon a mean of 6 crater 
transect measurements upon CTX imagery in ArcGIS, I found that crater diameter is ~57 km. 
This is comparable to the diameter stated in Williams and Malin (2008) of 58.5 km. Using 
equation 2-1, the estimated pristine depth for Mojave crater is 2.61 km.  
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A second approach utilised by Boyce and Garbeil (2007) estimates a function for 
depth/diameter by using only the deepest and most morphologically pristine craters (however, 
they only include craters in the size range 12 km – 49 km): 
dr = 0.381 D 
0.52
           (Eq. 2-2), 
where dr = depth (rim to floor) and D = crater diameter. Using equation 2-2, the estimated 
pristine depth for Mojave crater is 3.12 km.  
The actual crater relief measured using MOLA data is 2.56 km. Comparing this estimate of 
crater depth to the prediction made using equation 2-1, there is negligible infill. Due to the 
fractured/pitted surfaces thought to be virgin impact melt visible in the crater floor, it seems 
likely that this is correct. Comparing this estimate of crater depth to the results of equation 2-
2, there is a discrepancy. Either there is significant infill (unlikely), the crater rim is more 
degraded than expected, or the D/Dr function is not applicable to this crater.  
2.3.4 Large-scale crater geomorphology  
Interior to the primary crater wall, a ~7-km-wide platform slopes inwards towards the crater 
centre (Figure 2-4A). This platform consists of a series of elongate intracrater ranges that are 
arranged in discontinuous, downstepping concentric ring patterns parallel to the crater rim 
(Figure 2-4A, B). Ranges are generally < 10 km in length, < 3 km in width, and have sub-
kilometre relief (on the western half of the crater, where a DTM is available). Separating the 
ranges are intermontane basins. In terrestrial impact crater analogs, the region immediately 
inward of the crater rim is commonly comprised of a series of normal fault blocks, each 
progressively downfaulted toward the crater centre (Melosh and Ivanov, 1999; Kenkmann et 
al., 2000; Kenkmann and von Dalwigk, 2000; Osinski and Lee, 2005). As such, the basin-
and-range zone is interpreted as being the partially eroded remnants of the footwall crests of 
rotated and progressively down-faulted terrace blocks.  
  
59 
 
Infilling the crater floor and the intermontane basins are high albedo surfaces that are pitted 
and sometimes fractured (Figure 2-5). Similar surfaces are ubiquitous on the floors and 
terraced crater walls of youthful martian craters (Tornabene et al., 2007; Boyce et al., 2012; 
Tornabene et al., 2012). 
 
Figure 2-4: (A) an HRSC (~25 m pix
-1
) and CTX (~6 m pix
-1
) mosaic showing Mojave crater 
and the study areas located within the western crater half (black boxes, labelled 1 (northwest 
study area) and 2 (west study area)).DTMs produced by Jung-Rack Kim as per Kim and 
Muller (2012). (B) Profiles from CTX DTM (~12 m grid spacing) from the crater rim towards 
the crater centre taken at three locations (black dashed lines, fig. 2-3A), showing the 
topography of the basin and range terrace zone. Note that red boxes labelled A and B show 
locations of ranges A and B in Figure 2-8.  
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Figure 2-5: Examples of pits likely to have formed by degassing processes soon after crater 
formation.       
 
The deposits have been widely interpreted as impact melt breccias that ponded in low-lying 
areas immediately following the impact event, having undergone flow whilst still hot 
(McEwen et al., 2007; Mouginis-Mark and Garbeil, 2007; Tornabene et al., 2007; Williams 
and Malin, 2008; Jones et al., 2011; Tornabene et al., 2012). The pitted morphology is 
interpreted to be indicative of the presence of volatile-rich materials within the target rock at 
the time of impact, which may have escaped via rapid explosive degassing soon after impact 
– within hours to days (Tornabene et al., 2007; Boyce et al., 2012; Tornabene et al., 2012).  
Boyce et al. (2012) have developed the following conceptual model. An impactor strikes a 
martian surface which contains H2O within the regolith/cryosphere, and a crater floor impact 
melt sheet and ejecta plume is immediately generated. As the ejecta plume collapses over the 
crater it deposits impact breccia with entrained H2O within the crater floor (and terraced 
units). This new crater fill then converts the water to steam, which escapes through vent pipes 
which eventually collapse to form a distinctive pitted terrain.      
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Impact melt material can also form a flow-like unit with lobate terminations in complex 
craters such as Mojave, which have terraced crater walls with multiple range-and-basin tiers 
(Tornabene et al., 2012).  
2.3.5 Fan categories and locations 
Based on differing source areas and catchment morphologies, I have divided fans (mapped in 
Figure 2-4) within the crater into four categories:  
(1) Range-derived (RD) fans (Figure 2-6 and Figure 2-7A). These fans have catchments 
that are located upon the topography of the isolated ranges, and demonstrate channels which 
are sourced from ridge crests. The fans have dense cross-cutting channels, and have surfaces 
composed of clasts that are < 4 m diameter.  
(2) Channelised intermontane basin-derived (IBD) fans (Figure 2-6 and Figure 2-7A). 
These fans are sourced from intermontane basins, with fans forming where gaps in range 
topography occur in combination with a break of slope between down-stepping range 
platforms. Wide, cross-cutting channels are present on the fans, and clast sizes are largely 
unresolvable at HiRISE resolution (Figure 2-6 and Figure 2-7A).   
(3) Non-channelised IBD fans (Figure 2-6 and Figure 2-7B). These fans, or flows, are 
sourced from intermontane basins and flow between terrace tiers between gaps in the ranges. 
They are non-channelised, but sometimes demonstrate striations which may be a result of (a) 
where individual flows have converged, (b) where flow rates differed and shearing occurred, 
or (c), very poorly-preserved channel remains. They tend to terminate in lobate snout 
structures, a characteristic of viscously emplaced flows. These flows are sourced from the 
pitted materials within the basins and are therefore interpreted to be formed from impact melt 
deposits. Clast sizes are largely unresolvable at HiRISE resolution. This suggests a different 
size-frequency distribution (lower max clast size) of transported clasts relative to the RD 
fans.  
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Figure 2-6: Map of fan types in Mojave crater, red = RD fans, blue = non-channelised IBD 
fans, yellow = mixed fans, pink = fans sourced from theatre-shaped catchments. Lettered 
boxes show locations of Figure 2-7A – D. 
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Figure 2-7: (A) White box shows location of RD catchment example, label C-IB shows 
example of channelised IBD fan, fed by sediments entering through col, white circle shows 
location of catchment feeding a mixed type fan – note that additional sediment may have been 
sourced through the col to the rear of the catchment, and a white arrow shows sediment 
travel direction. Label IB denotes the intermontane basin. (B) White outline shows location 
of non-channelised IBD fan. The fan ends abruptly in a lobate toe shape, indicating that it 
was emplaced as a viscous flow. (C) Mixed type fans which are likely to be sourced from 
range and basin sediments. Note that the fans surround relatively small mesas of bedrock and 
catchments are not easily defined. (D) White box shows location of theatre-shaped 
catchments, with their associated fans downstream.  
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(4) Mixed type fans (Figure 2-6 and Figure 2-7A, C, D). These fans are sourced from a 
mixture of range bedrock and intermontane basin material. For example, Figure 2-7C shows 
large fans which flow around relatively small bedrock outcrops. It appears that fan material 
may be sourced from the intermontane basin upstream of the range, in addition to the range 
itself. For example, Figure 2-6A shows a fan which has a catchment which is primarily 
positioned within range bedrock. However, the range has a col to its rear, through which 
sediment transfer has occurred from the intermontane basin upstream. Finally, some fans on 
the eastern crater rim are sourced from highly distinct theatre-shaped catchments which 
appear to be eroded partly into range bedrock and partly into impact melt deposits (Figure 
2-6D).  
Figure 2-6 shows that fans are predominantly located on crater-centre facing slopes whilst 
very limited catchment and fan development is present on the rim-facing slopes of isolated 
ranges. Fans are also present on the ejecta blanket immediately surrounding the crater, 
sourced from local highs (for mapping of fluvial landforms on the continuous ejecta blanket 
of the crater see chapter 3, section 3.5). I do not observe channels, catchments or fans on the 
crater’s central peak. Catchment and fan formation is also very rare on the crater-centre 
facing primary crater wall, and fluvial activity on this slope is restricted to simple alcove-and-
fan morphologies which are present on the southern rim.  
Williams and Malin (2008) used a similar method of categorising fans into two types, termed 
“inviscid” and “viscid” fans (or in some cases, flow-fields). According to the definitions set 
out by Williams and Malin (2008), viscid fans or flow-fields are characterised by steep, 
lobate fronts and relatively unchannelled surfaces, and inviscid fans have highly channelised 
aprons and catchments with multiple orders of tributary. Inviscid fans correspond to the RD 
fans in this study, and viscid flow-fields correspond to the non-channelised IBD fans. 
Williams and Malin (2008) recognise that the fans I have categorised as being channelised 
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IBD fans may be composite features: in this interpretation IBD flows formed from impact 
melt material which was emplaced whilst still hot, after which younger channels were eroded 
by water on their uppermost surfaces.     
2.3.6 Study areas  
I chose three primary study areas from Mojave’s crater rim which are covered by HiRISE 
images at ~25 cm resolution (black boxes, Figure 2-2B and Figure 2-4A), which represent the 
wide range of catchment and fan morphologies present. These are located on (1) the north-
west rim, which includes RD fans, channelised IBD fans and an example of a fan with a 
mixed source area, (2) the western rim, which contains RD fans and non-channelised IBD 
flows, and (3), the eastern rim, which contains examples of mixed fans sourced from theatre-
shaped catchments. The majority of this chapter refers to analyses carried out on topography 
and catchment-fan systems in the northwest study area due to the availability of a ~1 m 
resolution HiRISE DTM. However, I have also described in detail the topography and 
catchment-fan systems of the western crater rim and the eastern crater rim. Observations from 
outside these specific study areas have also been made, and where this is the case, their 
locations described.  
2.4 Northwest study area: RD catchments  
2.4.1 Erosional topography of ranges  
The study area contains two montane ranges, A and B, separated by a prominent 
intermontane basin (Figure 2-8 and Figure 2-9). Range A is oriented S-SW – N-NE and is 
~4.5 km long and ~1.2 km wide. Halfway along range A on the eastern flank is a 
perpendicular extension to the range, oriented W-E, with a relief of ~140 m, and ~1.4 km in 
length (labelled, Figure 2-9A). Range B is located just southeast of range A. It is a highly 
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dissected range, oriented N-NE – S-SW, and ~7 km in length. Range B separates the 
intermontane basin to the northwest, and small depressions to the southeast (Figure 2-9B).   
Across-strike swath profiles (Figure 2-8C, D) taken normal to the central drainage divides of 
ranges A and B demonstrate the asymmetry in topography and relief between the NW- and 
SE-facing range flanks. Range flanks facing the crater-centre (southeast) have greater relief 
than those facing the crater rim, and the main drainage divide is displaced towards the crater 
rim. Opposing range flanks show distinct asymmetry in catchment development. For 
example, crater-centre-facing catchments of range A range from 0.03 - 0.16 km
2
 in area, 
whereas the crater-rim-facing catchments are smaller, ranging from 0.01 - 0.05 km
2 
(Table 
2-1). Range B catchments show similar relationships (Table 2-1).  
Range 
Fan 
number Source type 
Catchment 
area  
(m²) 
Fan 
area  
(m²) 
Catchment 
slope  
(degrees) 
Fan slope  
(degrees) 
A 1 Range  106487 46780 14 11 
A 2 Range  18537 23380 30 17 
A 3 Range  23940 15886 17 13 
A 4 Range  17212 9544 19 9 
A 5 Range  6368 12369 19 8 
A 6 Range  142432 152238 17 9 
A 7 Range  164374 173187 17 10 
A 8 Range  93902 93628 26 14 
A 9 Range  77733 96101 23 13 
A 10 Range  34079 16216 13 12 
A 11 Range  58917 29615 13 7 
B 12 Range  195434 132076 11 11 
B 13 Basin sediments N/A 186234 N/A 7 
B 14 Range 111400 90019 31 16 
B 15 Basin sediments N/A 294882 N/A 8 
B 16 Range 28787 22181 31 17 
B 17 Range 194747 232727 22 14 
Table 2-1: Catchment area, fan area, catchment slope, and fan slope data for 17 fans (see 
Figure 2-8 for locations), of RD and IBD origin. 
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Figure 2-8: (A) and (B) HiRISE image overlain by a HiRISE DTM showing ranges A and B, 
respectively. Fans are numbered 1 to 17. The locations of these ranges are shown in Figure 
2-4. DTMs produced by Jung-Rack Kim as per Kim and Muller (2012). (C) and (D) swath 
profiles (minimum, mean and maximum elevations) from HiRISE DTM, showing the relief 
across each range and downstream basin.  
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Figure 2-9: (A) Perspective view of range A. RD fans labelled “RD” and intermontane basin 
labelled “IB”. (B) Perspective view of range B. IBD fan is labelled “IBD”. Arrows show 
sediment transport pathways between intermontane basins. White box shows location of 
Figure 2-20. 
 
Migration of the topographic divide can help tell us about erosional processes that occurred 
on the range flanks. Ellis and Densmore (2006) propose that the drainage divide position of a 
mountain range is set by the erosional competition between the range flanks, each of which 
evolves towards a specific range scale slope. Therefore, the predicted equilibrium fractional 
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divide position (Ellis and Densmore, 2006; Barnes et al., 2011), set by erosional competition 
between range flanks with approximately the same mean gradients, can be estimated as  
Dr  = RNW / (RNW + RSE),           (Eq. 2-3) 
Where Dr is the predicted drainage divide position, and RNW and RSE are the reliefs of the 
drainage divide above the northwest and southeast intermontane basins, respectively (see 
appendix 7.1.7 for schematic).  
The results of this estimation are strongly asymmetric at 0.75 for range A and 0.88 for range 
B. The actual drainage divide position can be quantified as the ratio of the width of the widest 
range flank to the overall range width (Ellis and Densmore, 2006; Barnes et al., 2011). For 
range A, this is 0.73, with the topographic divide displaced toward the crater rim. For Range 
B, this value is similar at 0.78. As predicted and measured asymmetries are similar for ranges 
A and B, this suggests that the observed asymmetry is controlled by the erosional competition 
between range flanks.  
2.4.2 Catchment morphology  
The catchments range in area from ~0.01 km² to ~0.2 km², with a mean of ~0.08 km² (Table 
2-1). Catchment gradients, taken from the rear drainage divide to the fan apex, range from 
11º to 31º, with a mean of 20º (Table 2-1). Adjacent catchments are separated by sharp 
drainage divides in the form of ridge crests (Figure 2-10A, black arrows), but the number of 
channels reaching the ridge crest per catchment is relatively low; for example, one of the 
largest examples (catchment 7; 0.16 km
2
), contains only ~17 channels which reach as far 
back as the drainage divide (Figure 2-10A). However, there is a high degree of dust cover in 
some areas, which may obscure smaller channels.    
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Channels at ridge crest locations are up to 15 m wide and have a clast size too small to be 
resolved using HiRISE
 
imagery (Figure 2-10A). These channels often lead into channels 
situated at the base of ‘V’ shaped valleys just downslope of the ridge crests (Figure 2-10A). 
The valley walls have slopes of ~35º and are mantled by abundant sediment that has clasts up 
to ~5 m in diameter. The channels then converge into one or more feeder channels of < 200 
m in length which extend to the fan apex. These channels are infilled with high albedo 
sediment that has a clast size that cannot be resolved, although many large boulders up to 5 m 
in diameter lie on top of this infill.  
Catchment 11 shows several interesting characteristics which differ from those described 
above. The upper catchment is theatre-shaped and incised into the remnant surface of an 
older fan deposit, leaving an erosional scalloped scarp (Figure 2-10B). An isolated example 
of a channel passing over the lip of the scarp between the older fan surface and the younger 
catchment is observed (Figure 2-10B, black arrow).  
Crater rim-facing catchments of range A are smaller than those described above, varying 
from 0.01 km
2 
to 0.05 km
2 
(Table 2-1), and are not associated with fan development. The 
slopes of these catchments are lower, ranging from 10º to 15º, with a mean of 13º. The 
catchment boundaries are not easy to define visually, and the above statistics were gathered 
after catchment delineation using Arc Hydro Tools. These catchments are dissected with 
channels that separate higher elevation boulder shedding (< 2 m) mesas of either bedrock or 
sediment.  
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Figure 2-10: (A) HiRISE image showing the two sub-catchments that supplied sediment to 
fan 7. Black arrows show locations of channels which are eroded into both sides of the 
drainage divide. White arrows show locations of feeder channels. (B) HiRISE image showing 
the catchment and fan of system 11. Small black arrow shows location of rear catchment 
scarp, eroded into a remnant upstream fan surface. A single channel is continuous over the 
scarp lip. Long black arrow shows direction of travel of sediment onto fan 11.  
  
72 
 
2.4.3 Catchment channel profiles 
Stream profiles through the catchments of RD fans upon range A can be broadly divided into 
two types, based upon the profile shapes (see appendix 7.1.3 for methods). The outlines of 
catchments or sub-catchments that have been analysed are shown in Figure 2-11A.   
The first catchment type (linear to convex) demonstrates linear to convex up characteristics, 
and usually has two distinct regions (Figure 2-11B). These are (1) a convex up region at 
drainage areas of less than 10
4
 m
2
 (labelled X, Figure 2-11B), and (2) a linear or gently 
concave up region just downstream of this (labelled Y, Figure 2-11B). Catchments/sub-
catchments within range A that demonstrate this type of profile are 1a, 1b, 2, 6a, 6b, 7a, 7b, 
10 and 11. There is no significant correlation between profile type and plan view shape or 
location within range A. However, the longer stream profiles (which are associated with the 
larger catchment areas) are more likely to have this type of stream profile.   
The second catchment type (linear to concave) is linear to gently concave up from the 
catchment divide to the fan apex (Figure 2-11C). There are some isolated convex regions, 
especially at very low drainage areas. Catchments/sub-catchments within range A that 
demonstrate this type of profile are 3, 4, 5, 8a, 8b, 9a, 9b, and 9c. Generally, these stream 
profiles are associated with the smaller catchment areas.  
2.4.4 Catchment slope-area scaling  
To quantify the morphological response to catchment erosion I examined the patterns of 
catchment slope-area scaling (see appendix 7.1.3 for full methods). For typical terrestrial 
fluvial catchments, when the contributing drainage area is plotted against local slope in 
catchment areas that include channelised regions, two distinct types of scaling behaviour are 
often revealed. These are (1) a “hillslope” domain with relatively invariant slopes at low 
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drainage areas, commonly linear or gently increasing, and (2) a “fluvial” domain that can be 
represented by the power law equation,  
 S = ks A
-Ø
,
                                 
(Eq. 2-4)
 
where local slope is inversely proportional to drainage area (Densmore et al., 2007).  
Constant ks is the steepness index which shows the height of the slope (similar to the 
intercept on a graph), A is drainage area in m
2
, and Ø is the concavity index which shows 
how fast the slope decreases as drainage area increases (Tarboton et al., 1992; Montgomery 
and Foufoula-Georgiou, 1993).  
I performed slope-area scaling on the longest flow paths through sub-catchments that feed 
alluvial fans on range A, using the Stream Profile Tool (Snyder et al., 2000; Kirby et al., 
2003). Range A catchments do not demonstrate a well-behaved scaling relationship such as 
that described above: I do not observe a clear process transition from invariant/increasing 
slopes at low drainage areas to an inverse relationship at higher drainage areas. Instead, for 
type 1 fans I observe a fairly invariant slope at all drainage areas (Figure 2-12A). For type 2 
fans I observe invariant slopes at low drainage areas (< 10
3 
m
2
), and then sometimes a very 
gradual decrease in slope at higher drainage areas (Figure 2-12B). I do not see the fluvial type 
domain in which there is constant slope decrease, and equation 2-4 is not applicable to the 
Mojave catchments.  
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Figure 2-11: (A) HiRISE image showing outlines of catchments of fans 1 to 11. Larger 
catchments (1, 6, 7, 8 and 9) have been split into sub-catchments. (B) Graph showing 
distance from fan apex versus elevation for long flow paths through range A catchments of 
type 2. (C) Graph showing distance from fan apex versus elevation for long flow paths 
through range A catchments of type 2. 
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Figure 2-12: (A) Graph showing gradient versus drainage area for range A catchments of 
type 1. (B) Graph showing gradient versus drainage area for range A catchments of type 2. 
Possible sources of error can be grouped into “narrow” and “broad” errors – the first 
relating to the Stream Profiler software itself, and the second to applicability of the tool to 
these specific Martian channels. Narrow errors include: (1) The choice of sampling interval 
picked. This needs to be bigger than the DTM resolution, so I used a 1 m window (see 
appendix 7.1.3 for all parameter settings). (2) The size of the smoothing window used. Stream 
Profiler calculates slope-area values using both smoothed and unsmoothed profiles (values 
from unsmoothed profiles are calculated by averaging the log of slopes over log bins of 
drainage area). However, for the smoothed profiles, a poor choice of smoothing window size 
should only result in systematic differences between the smoothed and unsmoothed profiles, 
so comparison between the stream profiles within the crater can be made effectively. I used 
the recommended smoothing window size for the DTM resolution. (3) Stream Profiler limits 
the area of measurement to the main stream channel (as defined using ArcGIS basin analysis 
toolbar). Some other tools use data from the whole drainage basin to avoid errors related to 
DTM errors eg. spikes in the main channel. However, I also tested the Mojave channels using 
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an alternative tool (see Densmore et al., 2007), and obtained similar results. Appropriate 
smoothing should also limit issues to do with DTM errors. Broad sources of error include: 
(1) Systematic slope-area scaling laws on Earth only hold true for streams dominated by 
fluvial processes. It doesn’t apply to channels dominated by debris flow processes, which is 
why, on Earth, the upper part of the catchment (with low drainage areas of < 10
6 
km
2
 (Wobus 
et al. 2006)) is not analysed. This is not an issue here, as I have not assumed that these 
channels exhibit terrestrial fluvial behaviour – indeed the graphs show that they do not, and 
are therefore more similar to debris flow dominated Earth channels. As such, the graphs do 
not show best fit linear regressions plotted on. (2) Errors in defining catchments. I defined 
the catchment outlet as the point at which fan material was observed adjacent to the main 
feeder channel. Where multiple feeder channels were present, the catchments were divided 
into sub-catchments. These catchments have very well defined drainage boundaries 
consisting of ridge crests, and thus errors in calculating basin extents using ArcGIS Stream 
Tools are likely to be low. 
 
The mean Ø (concavity) value is 0.02, and the range is from -0.22 to 0.29 (see Table 7-1 in 
appendix for data). This indicates that on average, the catchment stream profiles have linear 
profiles. Convex type catchments have a mean Ø of -0.1, and concave type catchments have a 
mean Ø of 0.16. Normalised steepness values do not differ based upon location within range 
A. For example, catchments numbered 1 - 5 have the same mean normalised steepness as 
catchments numbered 6 - 11. 
2.4.5 Interpretation of catchment data  
The well-developed complex catchments and sub-catchments, with dissected drainage 
divides, are strongly suggestive of precipitation-driven erosion of range topography which 
was formed during the crater impact event. The initial contrast in base levels on either side of 
the ranges was caused by the normal fault geometries of the faulted blocks (Melosh and 
Ivanov, 1999; Kenkmann and von Dalwigk, 2000; Osinski et al., 2005), and altered by the 
subsequent infilling of basins by impact melts and sedimentary material.  
Catchment growth has predominantly occurred on ranges facing the crater centre, and this is 
driven by the greater range flank relief (Barnes et al., 2011). This explains both the restriction 
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of well developed catchments to the high relief range flanks facing the crater centre, and the 
asymmetric drainage divide positions, which are recessed towards the range flanks with 
lowest relief. The largest catchments are situated on the crater-centre facing range front, in 
the middle of the range where displacement is greatest.  
The stream profiles and slope-drainage area data show that profiles are, on average, linear, 
and have channel slopes that are invariant regardless of drainage area. This indicates that the 
channels did not concentrate flows from tributaries along their reaches because flow 
concentration implies a downstream increase in discharge which must lead to progressively 
lower downstream channel gradients (Aharonson et al., 2002). This is related to the drag 
force of flowing water being a function of the product of water depth, as determined by 
discharge and gradient. Instead, the channel profiles indicate that downstream increases in 
drainage area do not coincide with appreciable decreases in gradient, suggesting that the 
slopes are adjusted to carrying a set volume of material. I suggest that these results are 
consistent with discrete, or point-sourced, sediment transport events that follow a single flow 
path, rather than flows that are sourced from tributaries distributed throughout the basins.  
When the data is compared to slope-drainage area data for terrestrial catchments (see Wobus 
et al., 2006), it is apparent that we might be seeing the common scaling break that is seen 
between debris-flow dominated to stream-flow dominated behaviour, but not the “fluvial” 
domain where local slope is inversely proportional to drainage area. This is to be expected, 
given that equation 2-4 holds only for drainage areas above a critical threshold (Wobus et al., 
2006), which corresponds to the transition of divergent to convergent topography. In 
terrestrial fluvial systems this often occurs as a gradual transition at drainage areas ≥ 106 m2, 
which is larger than any individual catchment in range A. However, in terms of 
depositional/erosional processes, it is not possible on the basis of this data to determine 
whether debris flow or fluvial behaviour was dominant.  
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2.5 Northwest study area: RD fans  
2.5.1 Fan apex morphology 
The division between catchment and fan surfaces is not easy to define. This is because 
proximal fan surfaces are often confined within pre-existing catchment bedrock topography, 
forming elongate deposits of sediment which infill the lower reaches of catchment channels 
incised into the ranges. This allows the subdivision of fan surfaces into “confined”, and 
“unconfined”, segments (labelled C and UC, Figure 2-13A).  
Confined segments are embayed into the lower catchments, causing the range front-fan 
boundaries to be highly sinuous. Bedrock knobs protrude through these fan sediments 
indicating that the sub-fan bedrock topography played a role in controlling sedimentation 
(Figure 2-13A). The best example of embayment is found on fan 9, where two elongate fan 
surfaces extend ~200 m and ~300 m into the catchment topography (Figure 2-13A, white 
arrows).  
2.5.2 Fan morphology 
Here I describe the characteristics common to the majority of fans, as well as noting any 
exceptional morphologies observed. Fan areas range from 0.009 km² to 0.23 km², with a 
mean of 0.08 km², while fan slopes range from 7º to 17º, with a mean of 12º (Table 2-1). The 
fans display convex-up along-strike topographic profiles. Fans are composed of surfaces that 
are connected to the fan apex by numerous cross cutting channels which are connected to 
feeder channels within the catchments. Fan surface morphologies are described here going 
from the fan apices (proximal surfaces) to the fan toes (distal surfaces).  
Proximal surfaces of the fans are confined by the topography of the catchment bedrock, and 
bedrock knobs and ridges protrude through the fan surfaces. Near to the fan apices, the 
largest fans on range A (6 and 7) display diamond-shaped remnant surfaces that are up to 12 
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m wide, that are incised around by channels of ~3 m deep (Figure 2-13B). The fan surfaces 
that comprise the diamond-shaped remnants are of a low albedo, and are covered with large 
clasts of up to 5 m in diameter. These remnant surfaces are criss-crossed with channels of a 
smaller scale (< 1 m wide) that must have been active at a time prior to the wider, deeper 
channels already described. Smaller fan examples do not demonstrate highly distinct remnant 
surfaces in the manner described above, but do have cross cutting channels on upper fan 
surfaces that are incised < 4 m. Fans 6 and 7 also demonstrate proximal fan surfaces which 
have been reworked following rearrangement of the catchment and feeder channel structure 
(Figure 2-13B). The northern side of fan 6 was originally fed by feeder channels exiting a 
catchment from the northwest (where the catchment of fan 7 is now). Cross-cutting channels 
and fan deposits on fan 7 have since eroded through the top part fan 6.     
Downstream of the proximal surfaces described above, the fans are relatively unconfined by 
bedrock topography. Down fan, channels on all fan examples get increasingly narrower but 
remain numerous and cross-cutting. All fans have shallowly incised channels of up to 3 m 
deep, which reach to the fan toe and are not associated with obvious deposition. At the very 
base of most fan examples in range A is a continuous, irregularly scalloped scarp that ranges 
from 1-5 m in height, and forms an abrupt boundary between the coarser grained fan surface 
and the basin infill material (Figure 2-13B). A scarp is not observed in range B fan examples.     
The morphology of fan 17 shows differing characteristics to those described above (Figure 
2-13C). This is the largest RD fan fronting range B, at ~660 m long and ~480 m wide at its 
maximum width, with a relief of ~140 m. It has a convex-up along-strike topographic profile, 
a slope of ~14°, and a confined proximal fan segment. The unconfined fan segment is 
comprised of at least three small scale convex-up lobe shaped deposits that are up to 200 m 
wide that have formed at the mouths of distinct channels (which are up to 13 m wide), which 
extend continuously from the fan apex to the lobes (Figure 2-13C, D). Two of the lobate 
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deposits are separated by isolated lozenge shaped remnants of a fan surface, of dimensions 
~100 m by ~50 m, sitting ~5 m above the main fan surface (Figure 2-13C, white arrow). The 
lobes all demonstrate very similar gradients ranging from 12.5º to 13º.   
 
Figure 2-13: (A) HiRISE image showing confined (labelled “C”) and unconfined (labelled 
“UC”) fan segments on fans 7 – 9. White arrow shows backfilling of fan sediments into the 
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catchment of fan 9. (B) HiRISE image showing rearrangement of catchments 6 and 7. White 
arrows show directions of sediment transport on fan surfaces. Dashed line shows where 
channels on fan 7 cross-cut those on fan 6, following capture of catchment by fan 7. Black 
arrows show arcuate scarps at fan toes. (C) HiRISE image showing lobes 1, 2 and 3 on fan 
17. Note the confined nature of fan sediments near the catchment, and the relative smallness 
of the catchment compared to the fan. White arrow shows lozenge shaped fan remnant. 
Dashed line shows location of (D). (D) Profile of lobes 1, 2 and 3 in (C), showing convex-up 
along-strike profiles.  
 
2.5.3 Fan structure  
To explore how fan characteristics might have changed over time, I carried out mapping of 
distinct fan surfaces through division into lobes based upon cross-cutting channel 
morphologies (Figure 2-14B). This figure shows how channels cross-cut older fan surfaces 
near the fan apices, and lead to younger fan lobes located closer to fan toes. Figure 2-14C, D 
demonstrate the differences in fan characteristics between surfaces of differing relative age. 
Older (and more proximal) surfaces tend to be of lower albedo with higher clast sizes, and 
younger (and more distal) surfaces tend to be of higher albedo with smaller clast sizes.   
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Figure 2-14: (A) Range A showing fans 6 to 11, without mapping. White boxes shows 
location of inset boxes (C) and (D). (B) Same location as (A), but with mapping of fan lobes. 
Oldest surfaces (dark orange) are most proximal, whilst youngest surfaces consist of cross-
cutting channels which lead to lobes nearer the fan toes. (C) Proximal, relatively older fan 
surface. (D) Relatively younger fan surface located at the mid-fan at same scale as (C).   
 
2.5.4 Fan profiles 
Several workers suggest methods of quantifying the fan profile shape through regression 
analysis (Moore and Howard, 2005; Williams et al., 2006). Williams et al. (2006) evaluated 
multiple regression techniques to ascertain which method best discriminated between 
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different types of fan formation process (debris flow, fluvial, and composite) for a selection 
of alluvial fans in southwest California. They found that by plotting slope as a function of 
distance, and by applying the power law regression  
S = K L
Ø
,
              
(Eq. 2-5), 
where S is gradient, K is steepness index, L is distance upslope (measured from the fan toe) 
and Ø is concavity index, concavity could be assessed and compared to fan morphology. 
They found that concavity index values accurately reflected the magnitude of the concavity, 
and correlated well with formation type, with fluvial flows being the most concave. I applied 
this method to the Mojave fan surfaces (for methods see appendix 7.1.8). I find that concavity 
index values are most similar to their results for debris flow fans, being generally low and 
with poor correlation coefficient values (Table 2-2 and appendix 7.1.8).     
Topographic profiles from the fan apices to toes are smooth and straight to slightly concave-
up (Figure 2-15A). Williams et al. (2006) also performed linear, exponential, and power law 
regressions upon fan longitudinal profiles, and found that high degrees of linear regression 
correlation (R
2
 = >0.99) is a good indicator of debris flow activity. Regression analysis of the 
Mojave fan longitudinal profiles shows high degrees of correlation with linear and 
exponential, but not power, functions (Table 2-2).  
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Figure 2-15: (A) Shows long-profiles of RD fans across ranges A and B, which tend to be 
gently concave-up. (B) Shows profiles taken across fan 7 at approximately 100 m intervals 
from apex to toe (for profile locations see Figure 7-5 in appendix). (C) Shows profiles taken 
across fan 6 at ~100 m intervals from apex to toe (for profile locations see Figure 7-5). 
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Fan 
number 
Concavity 
index 
from 
regression 
of slope 
versus 
downslope 
distance 
Power R
2 
from 
regression 
of slope 
versus 
downslope 
distance  
Linear R
2
 
from fan 
longitudinal 
profile 
Exponential 
R
2
 from fan 
longitudinal 
profile 
Power R
2
 
from fan 
longitudinal 
profile 
1 0.11 0.05 0.998 0.997 0.736 
2 0.22 0.19 0.979 0.979 0.699 
3 0.54 0.19 0.976 0.976 0.740 
4 0.42 0.21 0.975 0.974 0.680 
5 0.77 0.5 0.984 0.983 0.722 
6 0.19 0.16 0.995 0.995 0.727 
7 0.03 0.008 0.988 0.988 0.698 
8 0.12 0.13 0.997 0.997 0.735 
9 0.06 0.009 0.998 0.998 0.811 
10 0.24 0.07 0.988 0.988 0.759 
11 0.05 0.002 0.991 0.991 0.722 
Table 2-2: Statistics from fan profile analysis. Concavity index was produced by plotting 
slope as a function of distance, and applying a power law function (see Eq. 2-5). Where 
linear R
2
 exceeds threshold of 0.99 a grey highlight is applied.    
 
Five of the fans show an exceedingly high linear regression correlation coefficient of > 0.99. 
Along-strike cross-sections of the fan surfaces are generally smooth, with no inset fan 
surfaces or channel incision deeper than ~5 m (Figure 2-15B, C). Profiles are also consistent 
across the transition from catchment to fan surfaces, with no major break in slope.  
2.5.5 Fan volumes 
I used two contrasting methods to estimate sediment volumes for eight RD fans within range 
A. Method 1 yielded catchment volumes ranging from 290,000 m
3 
to 1,900,000 m
3
, with a 
mean of 540,000 m
3
 (Figure 2-16). This gives mean fan thickness estimates ranging from 1.3 
m to 11.8 m, with a mean of 5.3 m, and a standard deviation of 4.2 m. Volume estimates 
using method 1 correlate with increases in both catchment area and fan area, with R
2
 values 
of 0.84 and 0.82, respectively. Mean fan thickness also has a positive correlation with fan 
area with a lower R
2 
value of 0.59. Method 2 yielded larger fan volumes ranging from 
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450,000 m
2 
to 2,500,000 m
3
, with a mean of 780,000 m
3 
(Figure 2-16).
 
Mean fan thickness 
estimates range from 4.1 m to 15.5 m, with a mean of 8.3 m, and a standard deviation of 4.4 
m. Again, volumes correlate with catchment area and fan area, with R
2
 values of 0.87 and 
0.92, respectively. Mean fan thickness also has a good positive correlation with fan area, with 
an R
2 
value of 0.8.     
 
Figure 2-16: Shows total fan volumes and estimated fan thicknesses as estimated using 
methods 1 and 2. The fan thickness estimate is produced by dividing the total volume by the 
fan area, thus giving an average thickness over fan surfaces. See appendix 7.1.4 for data.  
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2.5.6 Interpretation of fan data 
Fans exhibit backfilling of lower catchment feeder channels, indicating that accommodation 
space at the range front was limited. Therefore, terrestrial fan systems that have undergone 
low rates of tectonic deformation are appropriate as analogues. The embayed nature of 
proximal fan surfaces in Mojave crater is reminiscent of morphologies identified by Viseras 
et al. (2003) within a set of Spanish fans that evolved under conditions of low tectonic 
subsidence combined with a slight base level rise. Similarly, a numerical landscape evolution 
model by Ellis et al. (1999) demonstrates that cessation of long-term fault slip in a range 
bounding fault can lead to alluviated catchments and prominent mountain front embayments. 
The confined proximal fan surfaces provide further evidence for backfilling of sediment. 
They are the oldest deposits observed within the systems, because cross-cutting channels 
bypass these surfaces (eg. Figure 2-13B). The majority of the backfilling must therefore have 
occurred prior to the formation of these younger channels. Furthermore, the fans demonstrate 
downstream fining. Together, this morphology indicates that sediment transported to the fan 
in the early stages of fan building was coarse in nature, and became progressively finer over 
time. In addition, the morphology of fans 6 and 7 tell us that catchment capture and re-
arrangement could occur as fans backfilled.      
Fan surfaces offer morphologic evidence which indicates that flow events may have been 
primarily point-sourced. Channels on fan surfaces of a similar elevation are cross-cutting, 
often emanating from different feeder channels sourced from different points within a single 
catchment. This indicates that the sediment source moved around over time. There is some 
limited evidence for secondary reworking of fan surfaces in the form of channels which are 
sourced from, and dissect, the fans. This suggests that there was either little precipitation on 
the fan surfaces, or that a lack of re-working is due to the lower slopes on the fan surfaces 
compared to within the catchments. Depositional morphologies indicative of debris flows are 
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not observed on fan surfaces. For instance, there are no channels bordered by levees or coarse 
sediment snouts at channel termini (Volker et al., 2007). However, it is possible that given 
the resolution of imagery and the DTM that these features may be missed.  
I used two different methods to constrain fan thicknesses. Method (1) gave the lowest results 
because the catchment volume would record a minimum record of sediment efflux due to the 
unknown topography prior to the first erosion. Method (2) gives slightly higher results than 
method (1), and I suggest that this likely represents the best estimate of fan thickness. The 
implications of low fan thicknesses are that they could have been formed by a relatively 
limited number of sediment flow events. Unfortunately, volumes of individual flows are not 
calculable, and therefore a minimum timescale for fan deposition cannot be produced at 
present.  
2.6 Northwest study area: morphometrics 
2.6.1 Relationship between catchment area and fan area  
On Earth, the positive geometric relationship, between the area of a fan (Af) and the area of 
its catchment (Ac) has long been recognised to be the result of larger sediment discharges 
from larger catchments (Bull, 1964; Denny, 1965). This relationship is usually reported as a 
power law, 
Af = c Ac 
n
             (Eq. 2-6), 
where the coefficient c and the exponent n can be attributed to factors including climate, 
tectonics, lithology, basin structure and sedimentary processes (Allen and Hovius, 1998; 
Allen, 2008; Lin et al., 2009). For RD fan systems I observe a strong positive correlation 
between fan area and catchment area (Figure 2-17A), with an R
2
 value of 0.8. Equation (2-6) 
is applicable and can be written as follows: 
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Af = 0.65 Ac 
0.9
                      (Eq. 2-7). 
The power law fit for Mojave has a trend that approaches unity, indicated by the exponent 
value of 0.9. This mean that as catchment area increases, the ratio of catchment area to fan 
area remains constant and non-increasing. This may indicate that processes such as sediment 
storage within the catchments do not differ based on the size of the catchment-fan systems, as 
is seen in some terrestrial fans (Allen, 2008). 
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Figure 2-17: (A) Logged catchment area versus logged fan area. (B) Logged catchment area 
versus logged fan gradient. Possible sources of error include: (1) Area measurements (by 
mapping in ArcGIS). The possible error from this source is low: (a) fan areas are very easy 
to delineate due to the difference in surface appearance and texture between fan surfaces and 
other terrain, and (b) catchment areas were defined using ArcGIS Stream Tools, using a 
catchment outlet point at the head of the mapped fan area. To test this, I measured the area of 
fan 15 on separate occasions twenty times: the mean value was 0.298 km
2
 and the standard 
deviation was 0.036. Therefore, the percentage of the mean represented by the standard 
deviation is 3.6%, which is acceptably low. (2) Error in area measurements due to image 
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distortion because of the choice of a non-area preserving map projection (equirectangular). 
This is likely to be negligible given the small area covered by HiRISE images (see comment 
in section 2.2.1). (3) Errors in measuring fan slope due to user choice in where to place the 
profile line. This error is limited by the cone shaped nature of the majority of the fan systems 
– the slope does not differ significantly with different profile placements. Measuring the slope 
of fan 15 in ten slightly different locations gives a mean slope of 7.87, a standard deviation of 
0.37, and a percentage of the mean represented by the standard deviation of only 4.6%. (4) 
Errors in measuring fan slope due to errors in vertical accuracy of the HiRISE DTM. The 
relative vertical accuracy of the DTM is in the region of tens of centimetres (Kim et al., 
2012), and this does not represent a significant error in this case. 
 
Variability in the ratio of fan area to source catchment area (Af/Ac) has been shown to 
correspond to the interplay between (1) the rate of tectonically driven crustal motion and 
associated accommodation space creation (Bull, 1964; Denny, 1965; Allen and Hovius, 1998; 
Mather et al., 2000; Allen, 2008), and (2) the rate of sediment supply (Dade and Verdeyen, 
2007). Generally speaking, if accommodation space creation at the range front is large 
compared to the rate of sediment supply from the catchment, then steep fans that are small 
compared to their catchments are formed.  
Lower rates of accommodation space creation compared to sediment supply will lead to 
shallower fans that are large compared to their catchments (Dade and Verdeyen, 2007). 
Therefore, the ratio Af/Ac can help us to understand the evolution of alluvial fan 
sedimentation at the range front. To aid comparison between systems evolving under 
differing degrees of tectonic forcing, a dimensionless sediment dispersal parameter Ø was 
developed by Allen and Hovius (1998) and Allen (2008), representing the ratio described 
above: 
Ø = Af/Ac            (Eq. 2-8). 
Using this parameter, I compared the Mojave data with that from terrestrial (Harvey, 1997; 
Allen and Hovius, 1998; Viseras et al., 2003; Harvey, 2011) and Martian (Moore and 
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Howard, 2005) catchment-fan systems of known tectonic and base level activity (Figure 
2-18A). Mojave systems plot along the trendline Ø = 1, which is approximately in line with 
terrestrial systems that evolved within basins undergoing low tectonic subsidence, higher than 
terrestrial fans which have evolved under high tectonic subsidence (Ø = 0.1), but lower than 
large Martian fans (Ø = 10). This suggests that a lack of tectonic deformation allowed the 
fans to grow large relative to catchments. The ratios are also comparable to those from large, 
low gradient fan systems on Mars, suggested by Moore and Howard (2005) to be partly due 
to a lack of tectonic deformation, but also due to size-limited catchments due to crater rim 
topography. This may be a complicating factor in Mojave crater as well, due to the limited 
relief and width of the ranges, but to a lesser extent. 
2.6.2 Relationship between catchment area and fan slope  
Fan slope is recognised to be a function of factors which include catchment area, lithology, 
and depositional process (Bull, 1964; Denny, 1965; Blair and McPherson, 1994; Oguchi and 
Ohmori, 1994; Whipple et al., 1998; Densmore et al., 2007). For example, debris flows and 
fluvial flows have different threshold depositional gradients, whereby the former tend to 
produce smaller, steeper fans (Harvey, 2011). It has therefore been suggested that the ratio of 
sediment supply to water discharge is a primary controlling factor (Lin et al., 2009). 
Terrestrial fans often, but not always, demonstrate a negative geometric relationship between 
catchment area (Ac) and overall fan slope (Sf) as taken from the apex to the toe (Bull, 1964; 
Denny, 1965; Hooke, 1968; Viseras et al., 2003; Moore and Howard, 2005; Lin et al., 2009). 
This can be expressed by the power law relationship, 
Sf = d Ac 
-e
             (Eq. 2-9). 
The Mojave systems do not show a relationship between catchment area and fan slope, 
having an R
2
 value of 0.001 (Figure 2-17B), and therefore equation (2-8) is inapplicable.  
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On Earth, a lack of a relationship between catchment area and fan slope can be caused by 
processes which alter fan slope independently of basin size (Viseras et al., 2003; Lin et al., 
2009). For example, Lin et al. (2009) showed that effective flushing in steep New Zealand 
terrain often results in similar fan slopes for all basin sizes. In addition, Viseras et al. (2003) 
showed that the lack of relationship in a set of fans building under low tectonic conditions in 
the Betic Cordillera, Spain, is due to mountain embayment and the change of slope within 
this sub area. I suggest that this latter explanation may help explain the lack of a relationship 
within Mojave system examples.  
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Figure 2-18: (A) Logged catchment area versus logged fan area for Mojave crater systems, 
large Martian systems, and terrestrial systems which evolved under conditions of low and 
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high subsidence. Data was acquired from this study from Viseras et al (2003), Moore and 
Howard (2005), Harvey et al. (1997), Harvey (2011) and Allen and Hovius (2005). (B) 
Logged catchment area versus logged fan gradient for Mojave crater systems, large Martian 
systems, and terrestrial systems which evolved under different styles of deposition, dominant 
sediment size, and subsidence rates. Data was acquired from this study, Moore and Howard 
(2005), Viseras et al (2003), Harvey et al. (1997), and Harvey (2011). (C) Logged catchment 
area versus fan gradient for Mojave crater systems, large Martian systems, and terrestrial 
systems from Greece, Spain and America which have different styles of deposition mode - 
debris flow versus fluvial flows. Data was acquired from this study from Moore and Howard 
(2005), Harvey et al. (1997), and Harvey (2011).  
 
I also compared the Mojave data with that of terrestrial and Martian (Harvey, 1997; Viseras 
et al., 2003; Moore and Howard, 2005; Harvey, 2011) catchment-fan systems of known 
tectonic and base level activity (Figure 2-18B), dominant sediment size (Figure 2-18B), and 
known mode of sediment emplacement (eg. debris flow versus fluvial) (Figure 2-18C). As 
explained above, fan gradient-catchment area plots are sometimes used to indicate whether 
fan deposition processes are likely to be debris flow, fluvially dominated, or mixed, as 
terrestrial debris flow fans tend to be steeper than fluvial fans for the same contributing area 
(Moore and Howard, 2005; Harvey, 2011). In addition, smaller (and especially steeper) 
catchments are likely to supply coarse sediment, higher sediment concentrations, and 
therefore have a higher likelihood of producing debris flows. Having small contributing areas 
and steep fan gradients, Mojave fans clearly fall within the terrestrial debris flow portion of 
such a fan slope-catchment area plot (Figure 2-18C). Processes on Mars may be difficult to 
determine in this manner due to differences in gravitational effects (see discussion section 
2.11.5).  
In addition, in Figure 2-18B, we see that for a given drainage area, Mojave fans are generally 
gentler in gradient than fans in Death Valley (coarse grains: mainly cobbles), similar in 
gradient to and steeper in gradient than Murcia fans, and (when the line of best fit is extended 
to reach the small basin sizes of Mojave systems) steeper in gradient than California Coastal 
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fans (fine grains: sands/muds) (Harvey, 1997). However, they are closer to the gradients of 
the coarse grained Death Valley deposits than the California Coastal fans.  
2.6.3 Northwest study area: IBD catchments 
2.6.4 Catchment morphology 
The intermontane basin between ranges A and B is ~5 km long by ~1.5 km wide (Figure 
2-19A). The basin is not completely closed, allowing connection to laterally adjacent 
intermontane basins. The basin has an approximate slope of ~2° southeast towards range B 
and the crater centre. The intermontane basin infill is comprised of a high albedo rock or 
sediment that has a grain size too small to be resolvable, with no boulders present. The basin 
surface is pitted with quasi-circular depressions that are unevenly distributed and < 90 m 
diameter (Figure 2-19B). The pits are rimless, and have relief of up to ~8 m in the very 
largest examples. Also see Figure 2-5 for a close-up of similar such pits.   
There is evidence of sediment transport between the ranges through topographic lows (cols), 
in the form of the fan deposits and channels which make up fans 13 and 15 (Figure 2-19A). 
The cols occur at approximately the same elevation range, from -4710 to -4770, and are < 
100 m wide. Directly upstream of the cols, the intermontane basin infill topography shows 
streamlining (Figure 2-19B) that is parallel to the direction of flow on fan 15. The average 
slope of the main intermontane basin is maintained up to the point at which the main col 
above fan 15 begins. Also of interest is a similar feature located within HiRISE image 
PSP_017568_1870 (Figure 2-19C). A series of possible channels, eroded into the pitted 
intermontane basin terrain, converge to form a larger channel that drains towards a lower 
elevation intermontane basin where a fan deposit is observed.    
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2.6.5 Interpretation of catchment morphology 
The pitted material which forms the floor of the intermontane basin is commonly seen in 
youthful martian craters, and has been interpreted as being emplaced during crater formation 
as a hot melt-bearing impact deposit (Tornabene et al., 2012). It has been suggested that this 
melt deposit held entrained water, and that pits formed by rapid degassing of the material 
(Tornabene et al., 2012). The formation of the pitted unit has also been linked to the 
formation of the flow-like units (termed non-channelised IBD fans in this study, and “viscid” 
fans in Williams and Malin, 2008) which may consist of impact melt-bearing deposits which 
were emplaced as a hot, low viscosity fluid (Tornabene et al., 2007; Williams and Malin, 
2008; Tornabene et al., 2012).  
Tornabene et al. (2007) suggest that volatiles may continue to be released from the pitted unit 
for a short period of time after emplacement (and the timescale of pit formation has been 
modelled hours to days by Boyce et al., 2012, so this provides a good indication of possible 
volatile release timescales). If so, this indicates that the pitted unit could have been a water 
source for the putative streamlined channels/cols eroded into the pitted unit observed in this 
study (see Figure 2-19B, C), as well as sourcing the sediments which make up fans 13 and 
15. If this is correct, this would suggest a separate mechanism for mobilising the sediment 
compared to on the RD fans (which are thought to have formed via precipitation, see section 
2.4.5). Alternatively, given the gentle slope of the intermontane basin (~1.2º), coupled with 
the presence of streamlining close to a change in base level, it is possible that these features 
were formed by head-cutting during later flows of water over the intermontane basin. The 
sediment transport could also be due to a mixture of these processes.  
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Figure 2-19: (A) HiRISE image showing location of intermontane basin (outlined with black 
line). (B) HiRISE image showing location of cols (black arrows) joining intermontane basin 
and IBD/mixed type fans on range B. Black box shows location of possible streamlined 
intermontane basin sediments. (C) HiRISE image showing streamlining of intermontane 
basin sediments, likely formed by headcutting (black box). Arrow shows direction of sediment 
transport.    
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2.7 Northwest study area: IBD fans  
2.7.1 Fan morphology 
For brevity, I describe the morphology of fan 15, although fan 13 also shows similar 
characteristics with evidence for incision and deposition cycles. Fan 15 (Figure 2-20A) has a 
convex-up along strike morphology, with a ridge of high elevation running along the fan 
centre in a downstrike direction. The fan is ~810 m long and ~800 m wide, with a gradient of 
6.5º. The fan comprises three distinct surfaces labelled S1, S2 and S3.   
S1 comprises an isolated fan remnant located near the toe of fan 15 (Figure 2-20A). It is a 
diamond-shaped area of fan material that is elevated relative to the main fan and measures 
~230 m long by ~180 m wide. The remnant is channelized (~3 m to ~11 m in width), with the 
interfluves being of lower albedo, and the channels of higher albedo. The interfluve surface is 
formed of primarily non-resolvable sediment, with overlying and infrequent < 2 m clasts 
present. The surface is incised by channels oriented in the same direction as the channels on 
the adjacent younger S2 surface. The northwest margin of S1 is defined by a ~12 m high 
erosional scarp (Figure 2-20A, black arrow) with beheaded channels, indicating that the 
remnant previously extended further upstream. A profile taken down-fan, from S2 onto S1, 
shows that S1 channels were present at a higher elevation than S2 channels, further indicating 
that it is an erosional remnant (Figure 2-20B).  
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Figure 2-20: (A) HiRISE perspective shot of fan 15. Surfaces 1 – 3 are labelled as S1, S2 and 
S3, and outlined in a faint black line. Arrow shows where S2 sediments onlap the S3 remnant 
fan surface. Dashed line shows location of profile in Figure 2-17B. (B) Profile of dashed line 
in Figure 2-17A. Arrow shows elevation change where S2 sediments onlap the S1 remnant 
fan surface. (C) HiRISE image showing the surface of fan 13. Large arrows show sediment 
transport direction. Small arrows show location of small headcuts on fan surface indicating 
secondary reworking. (D) HiRISE image showing a mixed fan derived from range and 
intermontane basin sediments. Black arrows show direction of sediment transport. Black box 
outlines area where pits, possibly linked to de-gassing of hot impact melt deposits, have 
formed within fan sediments. 
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S2 is a sediment body comprising the majority of the fan (Figure 2-20A). The surface is 
composed of material with a grain size that cannot be resolved, with overlying, infrequent < 2 
m diameter boulders that are located on the southwest side of the fan. S2 has curvilinear 
channels that are up to ~20 m in width and < 2 m deep, and oriented northwest–southeast. On 
the southwest flank of the distal fan surface S2 onlaps S1. S3 comprises fan-margin 
sediments that are non-resolvable using HiRISE and of a high albedo (Figure 2-20A). These 
are overprinted with eolian features and no evidence of any prior channelisation has been 
preserved. Fan 13 also contains an example of an erosional remnant (Figure 2-20C), and 
examples of channels which have channel heads located on the fan itself (Figure 2-20C).  
Figure 2-20D shows a mixed fan located just downstream of IBD fans 13 and 15, within an 
intermontane depression. This fan surface appears to be partly destroyed by pits, which are 
similar in morphology to the pits which comprise the intermontane basin rocks. This 
observation is discussed in detail in section 2.10, as it has important implications for the 
absolute and relative timing of fan formation.      
2.7.2 Interpretation of fan morphology 
Channelised IBD fans comprise the youngest sedimentary deposits in successions of fan 
observed in range B: IBD fans always superpose RD fans. Therefore, it is possible that they 
either (a) formed after the RD fans, or (b) that their stratigraphy interfingers with the RD 
fans.    
On the basis that the channelised IBD fans are sourced from intermontane basins containing 
impact-melt bearing rocks, I agree with Williams and Malin (2008) that these fans may be 
formed by a dual process. The oldest stratigraphy may consist of non-channelised flows of 
melt-bearing rocks, and subsequent channelised flows may be related to either water release 
from the intermontane basin rocks, or precipitation (or both). The presence of channels on the 
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oldest remnant S1 suggests that channelised water flows were responsible for the deposition 
of sizable volumes of sediment. In addition, the channel heads on fan 13 are indicative of 
secondary reworking due to surface runoff from precipitation which originated on the fans 
themselves.  
The morphologies of fans 13 and 15 suggest that at least one cycle of incision (around 
remnant S1) and subsequent deposition (the onlapping of S2 onto S1) is preserved in the 
sedimentary record. The incision event was probably caused by increased erosive power due 
either to an increase in the water supply, or an interruption to the amount of sediment 
available to be mobilised from the source basin.     
2.8 Western study area 
2.8.1 Morphology of catchment-fan systems 
Approximately four isolated ranges are present within this study area on the western crater 
rim (Figure 2-21A; for location of study area see Figure 2-2B), each measuring < 5 km in 
length and < 3 km in width. The range topography, and catchment and fan relationships 
observed are very similar to those in the northwest study area.  
RD fan formation consists of numerous small bajadas which are situated on the crater-centre 
facing flanks of all significantly sized bedrock outcrops (Figure 2-21A). The RD catchments 
have dense channel systems which extend to the tips of ridge crests, and individual basins 
often have well-defined drainage divides (white outline, Figure 2-21B). Mixed type fans are 
also prevalent, whereby catchments eroded into range bedrock have cols at their upstream 
ends that open onto intermontane basin sediments (white arrows, Figure 2-21B). RD fans, as 
well as mixed type fans (Figure 2-21B, C) have cross-cutting channels and are composed of 
coarse sedimentary material that is similar in nature to RD fans in the northwest study area. 
Notably, some of the RD fans have an unusually well-defined arcuate-shaped scarp at the fan 
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toe, measuring < 50 m across, situated where the sedimentary RD material meets the 
intermontane basin sediments (Figure 2-21B, D). Fan material is observed slumped at the 
base of the scarp. This scarp is discussed in more detail, along with other examples, in section 
2.10 of this chapter, as it may have implications for the timing of RD fan formation.   
Non-channelised IBD flows/fans are extensive in study area 2 (labelled “IBD”, Figure 
2-21A), and demonstrate transfer between three tiers of basin. The source regions originate 
somewhere between the primary crater wall and the first range tier. Convex-up bodies of 
material are observed just upstream of the main flow (white boxes, Figure 2-21C). The flows 
themselves do not demonstrate well-defined channels; instead, striations can be observed 
where individual flows have coalesced or cross-cut each other (white arrows, Figure 2-21A, 
C). Some of these may be very narrow channels formed by water flows, but they are only 
evident in limited places on the fan surface.  
2.8.2 Interpretation of catchment-fan systems 
The fan morphologies and relative age relationships observed in study area 2 are in 
agreement with those observed in study area 1. RD fans overlie IBD fans (of which the 
majority display no evidence of channels carved by water). Many of the RD fans in this area 
may contain a component of sediment which is derived from intermontane basins, due to the 
juxtaposition of RD catchments and intermontane basins which are located just upstream. I 
interpret this as being a result of closer spacing and (possible) lower relief differences 
between the ranges and basins in this study area compared to the northwest study area.  
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Figure 2-21: (A) HiRISE image PSP_007494_1875. IBD fans are non-channelised and 
outlined in black. White boxes shows location of (B) and (C). (B) HiRISE image showing RD 
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(white outline approximately delineates catchment) and mixed systems. Arrows show where 
channels breach the divide between basin and range. White box shows location of Figure 2-
17D. (C) HiRISE image showing close-up of the source basin for the IBD flow. White boxes 
outline features noted in text. (D) HiRISE image showing close-up of arcuate scarps at RD 
fan toes.  
 
2.9 Eastern study area  
2.9.1 Morphology of catchment-fan systems  
The eastern study area contains three major downstepping montane range and intermontane 
basin pairs that form part of the terraced crater wall structure (Figure 2-22A). Each terrace 
tier consists of a discontinuous range oriented north-south which separates intermontane 
basins on either side. The ranges are asymmetric, with higher elevations observed on centre 
facing flanks. However, the morphologies of the catchment and fan systems are very different 
to that observed in the other study areas. I focus my analysis on range C (labelled, Figure 
2-22A), which demonstrates an extremely high degree of catchment and fan development. 
Range C contains theatre-shaped catchments that are eroded partly into bedrock, and partly 
into flat lying, smooth terrain located to the east (upstream) of the range (Figure 2-22B, C, 
black arrow). Channelised fans debouch onto the crater floor, and are sourced from range C 
(Figure 2-22B).  
The catchments are approximately 1.5 km in length from the rear drainage divide to the fan 
apex, and no more than ~1 km in width. They range in area from ~0.1 km
2
 to ~1.1 km
2
, with 
a mean of ~0.5 km
2
. The catchments have semi-circular shaped rear drainage divides that are 
cut into upland terrain that is relatively flat-lying (black arrows, Figure 2-22A, B).  
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Figure 2-22: (A) HiRISE image PSP_001415_1875 showing study area 3. Arrows show 
location of flat-lying sediment thought to be composed of impact melts. White boxes show 
locations of (B), (C) and (D). (B) HiRISE image showing theatre-shaped catchment. White 
arrows show locations of small alcoves in headwall. Black arrows show location of flat-lying 
sediment. “X” indicates where channels cross the drainage divide boundary. “Y” indicates 
feeder channel exiting catchment. (C) HiRISE image showing catchments which have 
extensive drainage channels eroded into upstream flat-lying sediments “X” denotes channel 
  
107 
 
locations. (D) Shows fans sourced from theatre-shaped catchments. White arrow shows 
locations of small alcoves in headwall. “Y” indicates feeder channel exiting catchment.  
 
The catchments therefore have relief on their crater-centre facing sides only; this is confirmed 
by viewing the HiRISE anaglyph but cannot be quantified due to the lack of a DTM. 
Tributaries leading from the drainage divide individually drain smaller arcuate hollows 
present in the curved headwall (white arrow, Figure 2-22B, D). In some catchments, the 
tributary channels can be observed as extending all the way to the ridge crest of the drainage 
divide. In others, channelisation is only observed some way downstream of the hollows, 
below a non-channelised slope. In several cases, tributaries can be observed which extend 
past the main curved drainage divide into the flat-lying upstream terrain (labelled “X”, Figure 
2-22B, C, D). The flat-lying upland terrain has a high albedo with clasts that are not-
resolvable using HiRISE imagery. Close to range C, < 10 m wide channels are eroded into 
this terrain and pitted morphologies are observed infrequently. Dust cover in the form of 
linear dunes is significant in many locations. 
Fans form a bajada which fronts range C, and are < 2 km in length. Wide, generally single, 
channels (of < 25 m width) exit the catchments (labelled “Y”, Figure 2-22B, D). Proximal fan 
surfaces are composed of dense cross-cutting sinuous channel networks. These channels are 
infilled with a fine grained (unresolvable using HiRISE) sediment that is relatively light 
toned compared to interfluves. The interfluves are rough in texture, with large dark-toned 
clasts < 3 m in diameter. Approximately 500 m down-stream from the fan apices, large mesas 
are present; these are likely to have once formed a more continuous range which has been 
half-buried by the range C fan bajada. Fan channels flow around, and through (where the 
mesas have been heavily eroded), the mesas (Figure 2-22D, black arrow). Channel widths get 
smaller towards the bajada toe, but remain cross-cutting and densely arranged. Dust cover 
also becomes more frequent on top of the fan sediments. At the fan toe, channels end 
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abruptly, but no scarp is apparent. Pitted material is occasionally observed at the base of the 
bajada, but this is not well-preserved, and is covered in many places by fine-grained 
sediments which form dunes.    
2.9.2 Interpretation of catchment-fan systems 
The catchment and fan morphologies observed within the eastern crater rim study area 
contrast with those on the northwest and west study areas. The catchments are theatre-shaped 
and eroded into a mixture of bedrock range and flat-lying rocks which lie upstream. Due to 
the flat-lying morphology and the presence of pitting in isolated patches (in most places I 
hypothesise that pits may be partly or wholly concealed by dust which has formed ripples, 
and sedimentary material in the form of channelised fan deposits eroded from ranges 
upstream) I suggest that the terrain is composed of ponded impact melt rocks. Thus, erosion 
and transportation of a mixture of (a) bedrock from ranges, (b) impact melt material, and (c) 
previously deposited sedimentary material, may have occurred via the headward incision of 
catchment channels into upland terrain, leading to the development of a differing catchment 
morphology to that observed elsewhere. The fans also have a slightly different morphology to 
the RD fans observed elsewhere: they have similar densities of cross-cutting channels (as 
observed qualitatively) but have longer runouts of over between 1 and 2 km. This may be due 
to the differing nature of the material eroded from the catchments, which is likely to include 
finer grained deposits from the impact melt terrain.     
2.10 Relationships between degassing pits and fans  
2.10.1 Scarps at fan toes  
In sections 2.5.2 and 2.8.1 I described arcuate scarps that are present at the termini of some, 
but not all, RD fan surfaces. Further examples of these scarps are shown in Figure 2-23.   
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Williams and Malin (2008) made several suggestions as to the scarp formation mechanism in 
Mojave crater: mass movement, faulting, stream or wave action, and abutment against 
material that was subsequently removed.  
However, I suggest that another possible mechanism might be the destruction of the fan toe 
by removal/collapse of material beneath (in this case, the intermontane basin sediments). It is 
possible that this could be due to water vapour escaping from hot impact melt material that 
lies below (or directly in front of) the fans (via the same mechanism which formed the widely 
observed pitted material described in section 2.7). Deflation of the intermontane basin 
sediments (which are likely to be fine grained) is also possible, but this would not explain 
why scarps are not present at the bases of all the RD fan surfaces – there is great variation in 
scarp height and locations within small areas. In addition, this process is likely to be minor 
given what we know about the deflation rate in the Amazonian (Golombek et al., 2006), and 
the fact that the majority of pits on the intermontane basin surfaces are extremely well 
preserved (and thus not eroded by wind).    
If this mechanism was responsible for scarp formation, this has important implications for the 
timing of fan formation: it means that pit formation in impact melt material may have 
occurred whilst the RD catchment-fan systems were forming. This would provide strong 
evidence in favour of short timescales of fan formation, due to the modelled 1 to 100 day 
timescale of pit formation in impact melts after impact events (Boyce et al., 2012b). 
2.10.2 Pit formation within RD and IBD fan surfaces 
In addition, I have searched for evidence of degassing pits which are present on surfaces 
which superpose fan surfaces (particularly RD fans) as this would provide very strong 
evidence that fans formed by precipitation were forming early on in the crater’s history. 
Examples are shown in Figure 2-24. Figure 2-24A, B and C show examples where pits 
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appear to be present either cross-cutting fan surfaces, or present upon IBD flows which are 
stratigraphically higher than RD fan surfaces. Figure 2-24D shows a close-up of Figure 
2-24C in which it can clearly be seen that a remnant fan surface has been interrupted by pits 
which strongly resemble the pit morphologies that are present across all of the intermontane 
basins in the crater. Figure 2-24E and Figure 2-24F show catchment-fan systems which have 
a scarp formed by faulting/movement of impact melt material downstream. This would imply 
that the fans were fully formed by the time this movement took place - early in the crater’s 
history, when impact melt material was still hot.   
2.11 Discussion  
This discussion recaps the data presented so far in this chapter, in order to better understand: 
(1) how the crater rim topography evolved due to the formation of a wide range of catchment 
and fan systems with differing morphologies, (2) the implications of this for climate in the 
Amazonian (this information will be used in chapter 3, where a detailed investigation into the 
mechanism of water production at Mojave crater is presented), and (3) how craters other than 
Mojave might have evolved under the influence of precipitation during a possibly warmer 
and wetter Noachian epoch.   
2.11.1 Evolution of the rim of Mojave crater   
Mojave crater preserves evidence of catchment-alluvial fan development on relatively young 
(mid-late Amazonian) complex crater rim topography, providing a unique snapshot of the 
early stages of crater degradation by inferred precipitation-driven runoff and erosion. This 
can help us understand the geologic and climatic processes which brought about the crater 
topography observed today. It is well established that the fault activity which formed the 
complex basin-and-range topography observed in Mojave crater was likely to have taken 
place within minutes of the original impact (Lindsay, 1976; Kenkmann, 2002). This led to 
static topography (unaffected by continuing tectonics) upon which erosion then could act 
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(Melosh and Ivanov, 1999; Kenkmann and von Dalwigk, 2000; Osinski and Lee, 2005). The 
fault-block ranges which resulted from this initial activity would have been markedly 
asymmetric, with dramatically contrasting baselevels between the range fronts of individual 
ranges, and higher crater-centre facing flank relief. This is known based upon the 
morphologies of fresh impact craters, coupled with the clearly downstepping nature of the 
intermontane basins observed within Mojave.   
 
Figure 2-23: (A) Scarp at base of fan in the western study area. (B) Scarp at base of fan in 
northwest study area. (C) Scarp at base of fan near northwest study area. (D) Scarp at base 
of fan near west study area. Note that locations of each example are shown in Figure 2-24.  
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Figure 2-24: (A) RD fan surfaces that are superposed by an IBD fan which contains pits 
upon its surface. (B) Channelised fan surface which appears superimposed by pits. (C) Two 
RD fans which terminate in a region containing many pits. In places, the pits appear to cross-
cut fan channels. (D) Close-up of (C) showing remnant fan surface (black arrow) interrupted 
by pits (labelled P). (E) Catchment-fan systems on the southern crater rim. These have fans 
which terminate abruptly with a scarp which may have formed due to movement of 
downstream impact melts which contain many pits. This “faulting” must  have occurred post 
fan formation. Black arrows show scarp/fault at fan toe. (F) Close-up of fan system in (E) 
showing that the catchment and fan is channelised.  
 
2.11.2 Range-derived catchment-fan systems  
The highly dissected nature of the ranges along with distinct catchment development is 
strongly suggestive of precipitation-driven erosion (either by rain, or snow accumulation and 
subsequent melting). First order tributaries begin at the tips of ridge crests, which effectively 
rules out a groundwater source due to the difficulty of water recharge occurring at higher 
elevations. Displacement of the main drainage divide (measured for ranges A and B, in the 
northwestern study area) mirrors the asymmetry in relief between opposing range flanks, 
suggesting that divide migration and catchment expansion by headward erosion of range 
bedrock was driven by the contrast in local base levels between the opposing range fronts of 
individual ranges. The morphology of systems 6 and 7 (range A) show that catchment capture 
occurred in some cases, which is again characteristic of headward catchment expansion.  
To begin with, the evolution of catchment and fan morphology would have been similar to 
that observed in terrestrial systems on emerging ranges controlled by normal faults. The fan-
range front boundary would have been linear and aligned with the fault (Figure 2-25A). 
However, the fan morphology that is observed today indicates that after this initial stage the 
systems begun to evolve differently. The static range topography led to a progressive 
backfilling of fan surfaces into catchments. This led to the development of a highly sinuous 
boundary between fan surfaces and the range front, with fan surfaces embayed into catchment 
channel topography, and the development of bajadas (Figure 2-25B). Additional supporting 
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evidence for this comes from catchment area-fan area morphometric analysis which shows 
similar characteristics to terrestrial fans building under conditions of low accommodation 
space creation.  
 
Figure 2-25: (A) Initial evolution of intracrater ranges. The range front is straight, 
controlled by the line of normal fault activity, and triangular facets may have been observed. 
Fans are small and progradational. (B) Subsequent evolution of intracrater ranges. The 
range-front is less straight, with fans backfilling into catchment channels to varying degrees. 
Triangular facets have been eroded and/or buried by fan sediments, but small mesas of 
bedrock show through the fan surface in places.  
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Mapping indicates that fan deposits that are present from the mid-fan through to the fan-toe 
are generally the youngest observed, and that these surfaces were sourced by channels which 
are incised through older proximal fan deposits. Analysis of the texture of fan surfaces shows 
that coarser grain sizes are most common on the older surfaces which tend to be located 
proximally to the fan apices. From these observations it seems likely that in the earliest stages 
of fan building there was transport of coarser material onto the fans. This is in general 
agreement with terrestrial models of fan evolution which show that in the earlier stages of fan 
building rockfalls, colluvial slides, and coarse debris flows create steep, coarse fans (Blair 
and McPherson, 1994). Through coincident enlarging of the drainage basin, subsequent 
transport of finer grained sediment then tend to occur through processes such as incised 
channel flows (Blair and McPherson, 1994).  
Whilst transport of finer sediment in the later stages of fan growth in Mojave crater is 
indicated by the morphological evidence, it must also be noted that many of the youngest 
channels contain a limited number of very large boulders (of up to ~4 m diameter and located 
up to 500 m from the range front-fan boundary: likely too far from the bedrock catchment to 
be the result of mass wasting processes such as rockfall), indicating that transport of very 
coarse material was not only confined to the earliest stages of system growth.  
2.11.3 Channelised intermontane basin-derived systems  
Channelised fans that are derived from an upstream intermontane basin (in the northwestern 
study area) comprise the stratigraphically youngest fan deposits observed on the northwest 
and western crater rim. Due to the morphological evidence for flow between the basin and the 
fan surfaces in the form of streamlined rock and cols, it is probable that the source of 
sediment is the rocks that form the intermontane basin. The pitted material comprising the 
floor of the intermontane basins is likely to be ponded impact melts that were originally 
emplaced as hot viscous flows (Tornabene et al., 2007; Boyce et al., 2012a; Tornabene et al., 
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2012) (see sections 2.3.4 and 2.7). This is on the basis of the presence of pit clusters thought 
to have been formed due to the explosive release of volatiles from hot melt material 
(Tornabene et al., 2007; Tornabene et al., 2012).  
As set out in section 2.8 (and in agreement with Williams and Malin, 2008) I suggest that the 
channelised IBD fans may be composed jointly of (a) flows composed of hot viscous impact 
melt, and (b) sediment composed of the impact melt material which was subsequently eroded 
from the intermontane basin. This is supported by the presence of streamlining of pitted 
material in the vicinity of the IBD fan heads. There are two main possibilities for the manner 
of erosion of basin infill: (1) dewatering of the impact melt material, likely linked to the 
process of pit formation (Tornabene et al., 2007; Williams and Malin, 2008), and (2) 
headcutting back into the intermontane basin by overland flows, creating streamlining close 
to the change in base level between the basin and range B in the northwest study area (a form 
of “bedrock sill control”). Williams and Malin (2008) suggested that dewatering of impact 
melt could be a potential source of water which could have formed these channels. I suggest 
that atmospheric precipitation is also likely to have played a role, and may have led to 
significant ponding and overland flow within the intermontane basins.  
The position of the channelised IBD fans relative to the RD fans and intermontane basin 
pitted rocks may tell us more about the relative timings of deposition. The channelised IBD 
fans always comprise the uppermost fan deposits where they are observed adjacent to and 
superposing RD fans. Only the (fine-grained) edges of the channelised IBD fans are observed 
to superpose RD fans however. Due to this I suggest that the relative age difference may be 
due to a grain size/transport issue, whereby fine-grained deposits may have continued to be 
deposited for a short time after RD fans had ceased to be active. They might even comprise 
some windblown deposits, as channels are observed less frequently at the deposit edges. The 
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two fan types may then have formed concurrently, and lower down in the stratigraphy 
interfingering of the two types of fan deposit might be expected.  
As described in section 2.10, observations of pits which superpose IBD fan surfaces have 
been made (Figure 2-24). This may have very important implications, as it implies that 
channels eroded by water begun forming at the same time as the pitted unit with (modelling 
estimates by Boyce et al., 2012 of hours to tens of days for degassing to take place). If the 
channelised IBD fans are also younger, or a similar age to, the RD fans, then this would 
indicate that most fan formation (both RD and IBD systems) within Mojave crater started to 
occur very soon after impact.      
In contrast to the RD fans, the morphology of the IBD fans suggests a fluctuating availability 
of water and/or sediment. It seems unlikely that sediment availability would be limited, as the 
basin material is homogenous in character. More likely is that fluctuations in water 
availability might be more easily preserved in fan morphology than in the RD examples. 
Range B topography is highly variable compared to range A, meaning that flows of water and 
sediment could have overtopped the intermontane basin, eroding fan deposits and preserving 
evidence of incision events. For example, the bedrock topography present at the toes of fans 
13 and 15 likely aided in the preservation of sediments whilst incision around these occurred 
(Figure 2-8 and Figure 2-20A). In contrast, range A is simple in structure (a single isolated 
range), and it is likely that incision events might be concealed by subsequent fan deposition.  
2.11.4 Theatre-shaped catchments on the eastern crater rim 
The eastern crater rim contains theatre-shaped catchments that are eroded partly into range 
topography and partly into flat-lying terrain that is interpreted as ponded impact melt rocks. 
Therefore, erosion of a mixture of range bedrock and impact melt material may have 
occurred via the headward incision of catchment channels into upland terrain. I suggest that 
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this shows a near-final stage of terraced crater rim evolution through the continued erosion of 
intracrater ranges and catchment capture of the sediments upstream.  
It is clear that catchment morphologies differ significantly around the crater rim. I suggest 
that the structure of basin-and-range pairs may have significantly influenced the 
morphologies produced by erosion. For example, if the original isolated ranges in the eastern 
study area had lower relief than those in the west and northwest study areas, then erosion of a 
higher proportion of the range topography would have happened faster, leading to head-
cutting of channel heads into impact melt deposits. Other possibilities include differences in 
substrate erodibility and water availability, leading to varying erosional styles. For example, 
perhaps the intermontane basin deposits are more easily erodible than the bedrock ranges, 
leading to faster erosion once channels were able to incise back into them.  
2.11.5 Sediment transport  
It is difficult to say with certainty which sediment transport processes might have occurred 
within Mojave crater through direct comparison with terrestrial analogues. For example, it is 
well known that gravitational effects produce differences in shear stress and settling 
velocities, and therefore may influence channel dimensions and gradients for equivalent 
discharge and sediment size (Moore and Howard, 2005; Williams et al., 2006). Nevertheless, 
I have applied terrestrial quantitative techniques to the RD fans, and compared some of the 
results to systems on Earth and Mars.   
My analysis shows that the profiles of the major catchment channels range from convex-up to 
slightly concave-up, and are on average linear with Ø values far below the range of fluvially 
dominated terrestrial systems. In addition, the catchment channel slopes do not tend to 
decrease with increased drainage area (they are invariant). On the basis that on Earth, 
increased drainage area (and therefore water depths within channels) usually leads to lower 
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channel slopes, I suggest that this data indicates that sediment transport events were likely to 
be episodic and point-sourced, rather than being sourced from distributed tributaries. Further 
rationale for this theory is provided in section 2.4.5. Additionally, the morphology of the fan 
surfaces (with cross-cutting channels often emerging from different sub-areas of the 
catchments) indicates that the sediment source moved around within the basin frequently. 
The Earth analogue would therefore be colluvial channels subject to episodic flow with 
varying sediment concentrations, ranging from sediment-charged water flows to debris flows.   
The invariant slope-drainage area data, combined with the very small drainage basin areas, 
indicate that it is possible that debris flow activity may have occurred. Regression analysis of 
fan longitudinal profiles shows extremely high correlation coefficients for linear functions. 
This is an indication of low concavity values of the fans, a feature which can indicate 
depositional processes involving higher ratios of sediment to water. For instance, Williams et 
al (2006) found that linear fit correlation coefficients of > 0.99 were a strong predictor of 
debris flow activity on terrestrial fans. Their initial aim was to compare these results to the 
fans within Mojave crater, but at the time of publishing DTM data was not available to them. 
In addition, low concavity values are indicated by the poor correlation coefficients of a power 
law fit to slope-distance plots (see Table 2-2) and low concavity index values.  
However, I have not observed fan surface morphologies such as levees or terminal channel 
snouts that may indicate debris flows. Due to the high resolution of the imagery available, I 
would have expected that such structures would be observable if present. Blair and 
McPherson (1994) found that clast rich debris flows, or boulder sheetflood deposits create 
fans with slopes of 5 - 15º. Therefore, two factors, construction method and dominant clast 
size, are involved in slope determination (Harvey, 1997; Williams et al., 2006). Grain sizes 
on the Mojave fans are coarse (where resolvable), and often as large as boulder size, perhaps 
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explaining the steepness of fan gradients even without obvious debris-flow morphological 
indicators. 
2.11.6 Implications for climate  
I have established that fan formation likely began within a short period of time after crater 
formation (hours to days), owing to (a) the abrupt scarps at the bases of fan surfaces which 
may be formed by impact melt degassing and pit formation, and (b) relationships between fan 
surfaces and cross-cutting pits. Chapter 3 of this thesis will attempt to combine these 
constraints with regional observations of fluvial activity in order to ascertain what the water 
production mechanism at Mojave crater might have been. Potential mechanisms that are 
taken into consideration in chapter 3 include (a) climate processes that were regional in scale, 
and (b) crater impact related climate processes that are more localised in scale and related to 
the impact process. In this part of the discussion I look at the morphology of the fan surfaces 
in more detail to look at whether single or multiple erosional events are implicated, and 
whether the water supply might have waned over time.  
Earth observations and modelling studies suggest that changes in climate can produce periods 
of aggradation and entrenchment due to changes in the critical power relationships that 
govern fan regime (Bull, 1979; Harvey et al., 1999; Harvey, 2011). However, the effect of 
climate change on fan morphology, notably fan head trenching, has been difficult to 
determine in the field (eg. Bull, 1968). Additionally, autocyclic sequences of channel 
incision, lobe deposition, channel backfilling, and avulsion can occur without tectonic forcing 
or fluctuations in sediment load or water discharge (Whipple et al., 1998; Clarke et al., 2010; 
Reitz et al., 2010). Fan gradients may also respond to climate change, with a negative 
relationship between gradient and water discharge (Whipple et al., 1998; Densmore et al., 
2007). On this basis, terrestrial fans that are composed of depositional segments with 
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differing gradients have been interpreted as being indicative of climate change (Densmore et 
al., 2007).  
On the RD fans I have observed limited fan-head trenching, and no associated inset fan lobes. 
Although the intersection point on some fans has clearly moved around over time (creating 
individual lobes of material, as in the case of fan 17), this can be attributed to autogenic 
behaviour (Clarke et al., 2010; Reitz et al., 2010). I suggest that the lack of fan head 
entrenchment and inset fan lobes on RD fans suggests that the systems have not experienced 
climate forcing resulting in systematic late stage dissection. In addition, sets of fan lobes 
within individual Mojave fans have similar gradients (eg. fan 17), suggesting that they 
formed under similar conditions of water and sediment discharge. In other words, fans are 
mildly progradational, transferring sediment from proximal to distal zones, but have not 
undergone significant dissection. However, I do see a small degree of dissection (< 1 m) on 
the fan surfaces, where channels leading from the apex to the fan toes debouch directly to the 
basin, and are not associated with alluvial deposits. This would indicate that in the very final 
stages of system activity the rate of sediment supply may have been less than the power of 
runoff to erode. This could either indicate a lack of sediment, or that runoff was not of 
sufficient volume to mobilise sediment flows.        
2.11.7 Why did fan growth stop?  
Fan building eventually stopped due to one of two scenarios: (1) the alluvial systems were 
self-limiting, and sedimentation stopped despite continued water availability, or (2) the water 
source ceased to exist.  
Fan slope is partly set by a volume budget controlled by changes in accommodation space 
(Densmore et al., 2007), but must be sufficient to allow for sediment transport, and this 
minimum may depend on lithology (Whipple et al., 1998; Densmore et al., 2007) and the 
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sediment to water ratio of flows (Whipple et al., 1998). The combination of a limited 
accommodation space and a minimum fan slope means that fan toe progradation must lead to 
concomitant apex retreat, expressed as progressive backfilling of fan surfaces into 
catchments. Assuming a stable climate, the sediment transport rate onto the fan must have 
slowed progressively due to there being a smaller catchment area. In addition, the retreat rate 
of the catchment-fan boundary position must have decreased over time due to the changing 
ratio of fan area to catchment area. It is in this manner that scenario 1 may have led to the 
cessation of fan growth.  
It is not possible to tell with certainty which scenario is correct based upon the observed 
morphologies. In favour of scenario 1 is the presence of catchments that are excessively small 
compared to their fans, with backfilling occurring in the upper zones of catchments (eg. fans 
9 and 17). In critique of scenario 1 is the fact that we would have expected to observe a larger 
degree of systematic dissection of fan surfaces, as sediment transport progressively slowed. 
In addition, I observe sediment of all sizes to be available within the majority of the feeder 
channels in the RD catchments, indicating that sediment was transport rather than weathering 
limited. If scenario 2 was the case, then I suggest that  the climate switch off was abrupt, due 
to (a) the > 3 m diameter boulders that are frequently observed in the youngest cross-cutting 
fan and catchment channels, which indicate that the most recent flows were capable of 
transporting very coarse sediment, and (b), as noted above, the lack of fan head trenching and 
absence of shifts in deposition centres, which indicate that the last episodes of deposition 
probably occurred under a climatic regime similar to that which preceded it.  
2.11.8 Implications for other Martian impact craters subject to precipitation 
Mojave crater likely experienced a relatively short-phase of erosion, because erosion 
terminated before the interior basin-and-range topography became completely subdued (ie. 
we can still see preserved ranges). Figure 2-26 A and B shows a schematic representing a 
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youthful crater such as Mojave with only partial erosion of isolated intracrater range 
structures. Erosion over either longer time-scales (either continuous, or renewed erosion at a 
later time) or at a greater intensity (Armitage et al., 2011) would have led to degradation of 
the primary crater rim, with the erosional products burying the basin and range topography 
(though degradation of the basin-and-range topography is also plausible). For example, older 
Noachian and Hesperian-age (3.97 to 3.46 Ga, Ivanov, 2001 chronology) complex craters on 
Mars that contain alluvial fans, such as Holden crater, typically show extensive bajadas 
emanating from a highly degraded primary crater rim (Craddock and Howard, 2002; Moore 
and Howard, 2005; Grant et al., 2008; Kraal et al., 2008; Grant and Wilson, 2011).  
The degree of preservation is likely a function of the degree of erosional backwasting of the 
crater rim, with basin-and-range deposits most likely to be preserved lower in the crater wall 
terrace (Forsberg-Taylor et al., 2004). For example, alluvial sections may be preserved in 
craters where the burial rate exceeded the rate of rim backwasting, but in others the evidence 
may be eroded. This suggests that potentially thick alluvial successions may occur buried 
below the depositional surface of Noachian-Hesperian complex craters (Figure 2-26C, D, E 
and F), preserving important stratigraphic records of martian environmental change.  
Using N(50) values from Werner and Tanaka (2011) I estimate the number of Mojave-crater-
sized impact structures that would have been expected to have impacted Mars during (1) the 
Late Noachian, (2) the Late Hesperian, (3) the Mid-Late Amazonian and the Late Amazonian 
(values are shown on Figure 2-26). Using this data, I estimate that only ~1.4 craters of 
Mojave crater’s size or larger impacted across all of Mars during the Late Amazonian, and 
~60 in the mid-late Amazonian. However, ~430 impact craters of this size or larger are 
predicted for the Late Hesperian, and ~1300 in the Late Noachian. Thus numerous large, 
complex craters, that may have experienced warmer, wetter climate episodes, may have had 
crater rims which initially evolved in the style of the basin and range catchment-fan systems 
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observed in Mojave crater. This is significant, as it means that geomorphologic evidence of 
crater modification by precipitation in ancient Noachian craters may be under-represented 
across Mars due to burial or erosion of alluvial stratigraphy.  
 
Figure 2-26: Schematic illustrating the differing preservation states of alluvial fans within 
old and young craters. Images are from JMARS. (A) Locations of fans within Amazonian-age 
Mojave crater. (B) Cross-section showing isolated basin and range fans preserved as 
uppermost surface within crater. (C) Locations of fans within Late Hesperian-age Holden 
crater. (D) Cross-section showing burial of basin and range fans by large, low gradient fans. 
(E) Infill deposits in Noachian-age Innsbruck crater. (F) Cross-section showing burial of 
both basin and range fans, and large low gradient fans by infill deposits eg. lava or eaolian.   
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2.11 Conclusion  
Mojave crater provides a snapshot of the early stages of complex crater degradation. 
Catchment-alluvial fan developments, encompassing a wide range of varying morphologies, 
are present on successively downstepping intracrater ranges. The catchment-fan systems have 
been mapped as several types based upon both the contributing source area and morphologies 
observed. These include (a) RD fans, which have a source area consisting of well-defined 
catchments eroded into isolated intracrater ranges, and (b) channelised IBD fans, which have 
a source area consisting of a downstepping series of flat-lying basins situated between the 
intracrater ranges.    
The highly dissected nature of the isolated ranges, with distinct catchment development, and 
first order tributaries sourced from ridge crests, is strongly suggestive of precipitation driven 
erosion. Catchments would have expanded headwards preferentially on the crater centre-
facing flanks of ranges because of the marked relief asymmetry of the ranges and the large 
base level contrast between range fronts. This led to the development of fans primarily on the 
crater-centre facing slopes of isolated ranges. The static range topography (zero tectonic 
uplift and base level change) led to a progressive backfilling of lower catchment channels by 
fan sediment, as is often seen in terrestrial systems subject to a limited accommodation space 
for sedimentation. Supporting evidence for this also comes from catchment area:fan area 
morphometric analysis of the RD systems, which indicates that the systems have similar 
characteristics to terrestrial examples which formed under conditions of low tectonic 
subsidence.  
Profiles of RD catchment channels range from convex-up to linear, and slope-drainage area 
relationships are largely invariant. This strongly indicates that sediment transport events were 
episodic and point-sourced, rather than being delivered via distributed tributaries. I suggest 
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that the Earth analogue would therefore be colluvial channels that are subject to episodic flow 
with varying sediment concentrations, ranging from sediment-charged water flows to debris 
flows. Along- and across- strike profiles of fans, combined with morphological observations, 
show that there is limited fan head trenching, and that fan lobes, although present, are not 
greatly inset. In addition, lobes within a single fan have similar gradients. This indicates that 
the systems did not experience significant climate change, or systematic late-stage dissection.  
Channelised IBD fans have a source area consisting of a basin containing ponded impact melt 
rocks which have a pitted morphology. It widely thought that this melt deposit once held 
entrained water, and that pits formed by rapid degassing of the material. In addition, it is 
likely that non-channelised flow-like units which are present between the successively 
downstepping basins may consist of the same impact melt-bearing deposits which were 
emplaced as a hot, low viscosity fluid soon after impact. Morphologic evidence indicates that 
the channelised IBD fans may be composed partly of (a) the flow-like unit emplaced as a hot 
rock flow, and (b) sediment eroded from the intermontane basins through either or both of the 
following: dewatering of the impact melt material due to the same process which formed the 
pits, or erosion due to precipitation. I have observed headcutting of tributaries into the 
intermontane basin rocks which strongly indicates that runoff and erosion of sediment may 
have occurred. In addition, the fans are densely channelised, with indications of secondary 
reworking in the form of gullies which may indicate precipitation onto fan surfaces.   
Based upon (a) scarps at the termini of fans which may be formed by pit formation in impact 
melts, and (b), relationships between fan surfaces and cross-cutting pits, I suggest that both 
RD and channelised IBD catchment-fan systems may have begun forming very soon after the 
impact event (due to modeling estimates of pit formation times by Boyce et al., 2012 of up to 
thirty days). This is important as it can help us to constrain the mechanism by which water 
was available for precipitation at Mojave crater. For example, if an impact related hypothesis 
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is to be invoked, precipitation would have been very likely to occur at the time of the impact. 
These ideas are discussed thoroughly in chapter 3.     
The morphology of the catchment-fan systems suggests that sediment transport may have 
stopped abruptly, due to (a) the large boulders that are frequently observed in the youngest 
fan channels, which indicate that the most recent flows were capable of transporting coarse 
sediment, and (b) the lack of fan head trenching and absence of shifts in deposition centres, 
which indicate that the last episodes of deposition probably occurred under a climatic regime 
similar to that which preceded it. This information may also help to constrain which 
mechanism of water availability is most likely.   
Finally, this chapter has implications for our understanding of the evolution of older martian 
craters which might have been subject to precipitation during proposed wetter, warmer 
periods of time in the past. For example, older Noachian and Hesperian-age complex craters 
on Mars that contain alluvial fans typically show extensive bajadas emanating from a highly 
degraded primary crater rim. I suggest that many of these craters would have originally 
evolved in the style of Mojave crater, with complex developments of catchment-fan systems 
forming on downstepping intracrater ranges. This is significant, as it means that 
geomorphologic evidence of crater modification by precipitation in the ancient crater 
population may be under-represented across Mars due to burial or erosion of alluvial 
stratigraphy.  
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3.1 Introduction 
Several Amazonian-age (<3.4 Ga, Ivanov, 2001 chronology system) craters on Mars contain 
evidence for relatively recent fluvial activity and sediment transport in the form of gullies, 
debris flows, and in some rare cases, preserved catchment-alluvial fan systems (Williams et 
al., 2004; Balme et al., 2006; Dickson et al., 2007; McEwen et al., 2007; Tornabene et al., 
2007; Head et al., 2008; Williams and Malin, 2008). In addition, prominent interior valley 
networks and alluvial fans have been discovered within several craters that are Hesperian or 
Amazonian in age (Peel and Fassett, 2013). These landforms, identified at multiple locations 
and multiple latitude bands across Mars, suggest the possibility for relatively recent 
departures in the local or regional climate. Furthermore, many of the identified landforms 
imply at least transient surface liquid water stability during a time on Mars that is generally 
considered too cold and dry to promote the formation of fluvial systems, particularly those 
comprising channels eroded into bedrock and alluvial fans.   
Lyot, Hale and Tooting craters exhibit clear evidence for relatively recent Amazonian fluvial 
activity (Tornabene et al., 2007; Reiss et al., 2008; Williams and Malin, 2008; Dickson et al., 
2009; Morris et al., 2010; Jones et al., 2011; Mouginis-Mark and Boyce, 2012). Lyot crater 
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(30ºE, 50ºN) has sinuous valleys that are incised only into a mantling unit and not into the 
exposed bedrock of the crater interior. These are interpreted to have formed due to meltwater 
runoff from the near-surface ice-rich mantle, possibly as a result of local climate warming at 
high latitudes in the mid-late Amazonian induced by obliquity variations (Dickson et al., 
2009). Hale crater (327ºE, 36ºS) has wide (~ 1 km) channels that radiate from the rim and 
ejecta blanket, and are thought to have formed due to melting of ice-rich target material 
through impact melting in the late Amazonian (Jones et al., 2011). Additionally, debris flows 
(Jones et al., 2011) and extensive gullying (Reiss et al., 2008) are observed. The gullies in 
Hale crater are attributed to two formation mechanisms including formation within an 
atmospherically deposited ice-dust mantle, or melting of near-surface ice or snow due to 
recent obliquity related climate change. Finally, Tooting crater (207ºE, 23ºN) shows evidence 
for extensive gully formation (Mouginis-Mark and Boyce, 2012), and possible debris flows 
on crater walls (Morris et al., 2010).  
However, unlike Lyot, Hale, and Tooting, the 60-km-diameter Mojave Crater (7.6°N 
33.0°W) exhibits distinct morphologic evidence for Amazonian-age fluvial landforms incised 
into intra-crater bedrock exposures and well-defined alluvial fans that indicate significant 
sediment transport (Williams et al., 2004; Williams and Malin, 2008). Importantly, the 
morphology of the catchment-fan system indicates formation by precipitation as either rain or 
snow. This is suggested by the presence of branching tributary channels that drain the 
catchments with distinct bedrock drainage divides and cross-cutting channels that incise 
alluvial fan surfaces (Williams et al., 2004; McEwen et al., 2007; Williams and Malin, 2008). 
Lyot, Hale, and Tooting by comparison do not show strong evidence for distributed 
catchment erosion (emerging from inter-crater ridge crests) nor do they exhibit well-defined 
channelised alluvial fan systems.   
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Based on these observations, Mojave Crater arguably represents the strongest evidence for 
Amazonian-age precipitation-derived water erosion on Mars. The question remains whether 
this precipitation-driven erosion was localised to the Mojave Crater region and whether other 
relatively youthful impact craters on Mars exhibit evidence for similar activity. Both 
questions have major implications regarding the mechanisms that generated rain and or snow 
on recent Mars, and potentially the planet’s climatic history. Here, I provide observations of 
youthful alluvial-fluvial landforms from the Mojave Crater region and five other well-
preserved complex (D > 8 km) craters across Mars. Like Mojave, these other Late Hesperian 
to Amazonian-age craters show evidence for distributed drainages eroded into multiple 
downstepping intracrater ranges and alluvial fan surfaces with cross-cutting channels. Using 
new high resolution imagery and topography data I address the following outstanding 
questions regarding Late Hesperian to Amazonian-age crater erosion by precipitation:  
(1) What was the process that generated precipitation around these craters on Late 
Hesperian to Amazonian-age Mars? Here, I analyse patterns in the occurrence of fluvial and 
alluvial features within and surrounding the Mojave Crater region and five other youthful 
impact craters across Mars. Using a Mars Reconnaissance Orbiter (MRO) Context Camera 
(CTX) mosaic (~6 m pixel
-1
) I analysed all fluvial activity (from degraded valley networks 
and catchment-alcoves, through to recent fluvial activity within craters) in a ~300 km radius 
surrounding Mojave Crater and in a ~250 km radius surrounding the 5 other youthful impact 
craters. Where available, I used higher resolution MRO High Resolution Imaging Science 
Experiment (HIRISE) images (~25 cm pix
-1
) and DTMs (~1 m grid spacing) to analyse the 
morphology and morphometry of the selected primary craters. I posit that if the expression of 
youthful fluvial activity occurs only within the immediate region surrounding Late Hesperian 
to Amazonian-age impact craters this might imply that precipitation was generated by a 
mechanism that was confined to the impact site. For example, water vapour condensation in 
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an impact plume has been proposed by various authors as a local mechanism for precipitation 
on Mars (eg. Segura et al., 2002; Moore et al., 2003; Segura et al., 2008; Toon et al., 2010). 
Snowfall or rain that accompanies this local atmospheric phenomenon might explain both the 
spatial distribution and patterns of crater erosion/deposition. Alternatively, orographic 
precipitation controlled by the presence of elevated topography around the impact rim might 
have been an important factor across similarly rugged terrains on Mars (Scanlon et al., 2012). 
Finally, lake-effect precipitation, derived from a crater lake system is a third possibility for 
generating localised rain or snow at the margins of impact craters or other basins (Kite et al., 
2011). On the other hand, if similar landforms are identified regionally and in a similar 
density to within the crater, including on slopes that are distal to these craters, then more 
regional climate-related mechanisms might be more consistent with the observations.  
(2) How rare are youthful craters that have experienced Mojave-style crater wall 
degradation and alluvial fan development across Mars? This question has implications for 
both the mechanism of water delivery to the surface, the pervasiveness and pattern of wet 
surface conditions across Mars, and the understanding of whether regional/global climatic 
fluctuations generated recent precipitation.  
3.2 Study regions 
Here I describe the location and general morphology of the craters used in this study: Mojave 
crater, craters X, Y and Z (which are close to Mojave crater), and craters 1 to 5 (which are 
located at various positions across Mars).  
3.2.1 Mojave crater 
Mojave crater (7.6°N 33.0°W) is a ~58.5 km diameter complex crater that contains well-
preserved channelised catchment-fan systems demonstrating evidence for erosion by 
precipitation. For detailed information on Mojave crater please refer to the following sections 
of chapter 2 of this thesis. For location refer to section 2.3.1, for chronology refer to section 
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2.3.2, for general crater rim morphology refer to section 2.3.4, and for descriptions of the 
types and locations of catchment-fan systems refer to section 2.3.5.   
3.2.2 Craters X, Y, Z 
Craters X, Y, and Z (Figure 3-1) are situated at distances from Mojave Crater of ~220 km 
(325.14ºE, 10.77ºN), ~113 km (328.3E, 8.8ºN) and ~100 km (328.3ºE, 8.79ºN). Craters X, Y 
and Z have diameters of ~9.3 km, ~1.8 km, and ~2.2 km, respectively. These craters are used 
in this study in order to analyse the distribution of evidence for fluvial activity surrounding 
Mojave Crater, and determine whether regional or localised production of water was most 
likely. The craters are simple in structure, and show strong evidence for fluvial modification 
in the form of channelised fan deposits (craters X, Y and Z), and extensive fluvial dissection 
of crater rim structures (craters Y and Z). Crater X may pre-date Mojave Crater, based upon a 
significantly more degraded appearance, and craters Y and Z are likely to be secondaries 
produced by Mojave Crater. This indicates that these craters contain evidence for fluvial 
features that may have formed during the same time period as those observed in Mojave 
Crater.  
3.2.3 Craters 1 to 5  
A random set of five well preserved craters that provide evidence for fluvial modification 
were chosen for analysis in this study. Craters 1 to 5 occur at multiple locations across Mars, 
and have been used in this study to test the global uniqueness of Mojave Crater-like fluvial 
landforms. These five craters are complex in structure, with diameters ranging from ~17 to 
~55 km (Figure 3-2). 
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Figure 3-1: (A) Crater X. Note the large alluvial fan surfaces that fill the crater floor. (B) 
Crater Y. See crater rim dissected by channels. (C) Crater complex Z. This is an 
amalgamation of several impact craters (likely to be Mojave secondaries). Note the large 
catchment with branching tributaries.        
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Figure 3-2: Craters 1 – 5.  
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They are located at varying latitudes (Figure 3-3): crater 1 at 94ºE, 10ºN (Isidis Planitia); 
crater 2 at 98ºE, -18ºN (Tyrrhena Terra); crater 3 at 169ºE, 19ºN (between Tartarus Montes 
and Phlegra Dorsa); crater 4 at 313ºE, 8.9ºN (Xanthe Terra – this is the closest crater to 
Mojave Crater, which is located 800 km to the east of crater 4); and crater 5 at 329ºE, 34ºN 
(Chryse Planitia). Figure 3-3 shows the location of craters 1 – 5 on Mars. Each contains 
strong evidence for fluvial modification in the form of channels, catchments and fan deposits, 
although there is much variation in the density of channelisation and degree of catchment and 
fan formation. A DTM of ~1 m grid spacing was constructed for crater 4, and HiRISE 
imagery at a resolution of ~25 cm pix
-1
 covering large portions of all craters.     
 
Figure 3-3: Global map showing MOLA colour shade (blue = lowest elevations, white = 
highest elevations) and locations of craters 1 to 5 and Mojave (labelled M). Image 
downloaded from http://marsoweb.nas.nasa.gov.   
 
3.3 Methods 
3.3.1 Characterisation of fluvial landforms within craters 
In chapter 2, I characterised the intracrater catchment-fan systems within Mojave crater based 
upon their differing morphologies, for example degree of fan dissection by channels, and 
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location of source area, either within an isolated range on the crater wall, or within an 
intermontane basin. I applied these ideas to characterising the channel, catchment and fans 
within craters X, Y, Z and 1 to 5, in order to (1) explore whether the features may have been 
formed by precipitation versus groundwater, by looking at how distributed the drainages are, 
and whether they drain areas which would be unlikely to experience groundwater recharge, 
(2) to analyse how the degree of erosion varies from crater to crater, (3) to analyse the 
distribution of features within and outside the craters, for example, are channels observed on 
the central peaks of craters, and (4) to determine how similar their features are to each other, 
and those in Mojave crater, to determine the likelihood of similar formation processes being 
involved. Analysis was carried out within ArcMap and ArcScene (for craters X and 4, which 
have DTMs available).   
3.3.2 Mapping of fluvial features surrounding Mojave crater 
To analyse whether fluvial modification within Mojave Crater was caused by regional or 
local precipitation, I needed to determine where fluvial features are observed outside the 
crater, and whether there is a trend in density with distance from the primary crater. In 
ArcMap I mapped fluvial features within a ~300 km zone around Mojave Crater on ~100 
Mars CTX image strips (at a resolution of 6 m pix
-1
). These include degraded features 
(sinuous valley systems and catchment-alcoves on scarps), fluvial features of unknown age, 
and fluvial features that are relatively recent (Mojave-age or younger). I excluded large-scale 
features such as outflow channels and associated flood grooves from this analysis. 
An extremely high density of metre-scale channels are present both within and outside of 
Mojave Crater (e.g. 10
4
 channel-like landforms). It is therefore impossible to adequately 
quantify the drainage densities of every individual channel-fan system across the 300-km-
diameter study region. Furthermore, a complete drainage density analysis at the metre-scale 
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would require complete image coverage of HiRISE across the study region. HiRISE coverage 
at Mojave Crater is incomplete, particularly in the region outside of the crater rim.  
Therefore, using a combination of CTX and HiRISE images I first quantified the general 
density of fluvial landforms across the study region by digitising a single point for the 
following observed feature and/or landform suite: (A) A single catchment within Mojave 
Crater that contains multiple distributary channel systems. A single catchment is defined as a 
basin which has distinct, definable drainage divides and an outlet point(s). (B) Fan surfaces 
within Mojave Crater that are distinguished by a single, isolated fan-shaped toe or a single 
bajada (multiple fans that are indistinguishable). These fans are often channelised. (C) 
Clusters of channels that are observed at either CTX or HiRISE scale where permissable. For 
instance, craters outside of Mojave often have channelised rims but no distinct catchments (as 
in the definition above): therefore, for each grouping of channels observed, a single point was 
digitised. (D) Catchments that are outside of Mojave Crater. (E) Fan-shaped features which 
have channels on their surfaces outside of Mojave Crater.  
Separate feature classes were produced for channels/catchments and fans so that distribution 
of these features could be analysed separately. This method should give a very reasonable 
indication of the distribution of fluvial features, although (1) user bias in mapping may be an 
issue (for example, deciding where one “cluster” of channels ends and another begins), and 
(2) resolution bias (CTX versus HiRISE image availability), may produce small errors. 
Second, in order to more accurately quantify the actual drainage densities within Mojave 
Crater and crater X, and within and outside of crater Y, I chose representative regions 
totalling ~70 km
2
 in Mojave crater and ~16 km
2 
 to
 
conduct a more detailed drainage density 
analysis with HiRISE (see section 3.4 for method).  
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Fluvial features (such as isolated channels, or those within catchments or upon alluvial fans) 
that are present inside of Mojave Crater, or upon the continuous ejecta blanket of Mojave 
Crater are Mojave Crater-age or younger (and thus mid-late Amazonian or younger in age). 
Fluvial features which are present upon crater rim topography of craters which are probably 
secondaries from Mojave Crater (due to their relatively small size, low depth to diameter 
ratios, and location within or proximal to a secondary crater chain oriented in a tangent to 
Mojave Crater), also have a strong likelihood of being Mojave-age or younger. Craters Y and 
Z fall into this bracket, along with several other examples that are documented in the 
mapping.  
In order to help decide which craters that contain fluvial activity are likely to be secondaries, 
a map of secondary crater clusters was produced. These crater clusters were identified by the 
presence of similar sized craters situated in chains, or dense clusters. In most cases, the chains 
radiate from Mojave to Mojave Crater’s rim. In addition, the craters show similar levels of 
erosion and infill, have jagged rims, and have flat bottomed crater floors: all strong indicators 
that they are secondaries (McEwen et al., 2005).  
Lastly, fluvial features which are well-preserved and present within craters of an unknown-
age (due to their size being too large to be a secondary crater from Mojave), such as crater X, 
are also of interest.  
Density maps of fluvial features in the Mojave Crater region were produced in ArcMap, in 
order to analyse the distribution of features with distance and azimuth from the crater. These 
were created using the shapefiles as an input into the kernel density analysis tool in ArcGIS 
Spatial Analyst, and a radius of 50 km was utilised in order to give a generalised style output.  
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3.3.3 Mapping analysis for craters 1 to 5  
To determine the patterns of evidence for fluvial activity observed around the five additional 
Amazonian-age craters in this study, I analysed the terrain surrounding these craters. I used 
the Java Mission-Planning and Analysis for Remote Sensing (JMARS) tool to load in every 
available CTX image that covers terrain within ~250 km of each crater. For every image I 
noted the presence or absence, and brief description, of fluvially produced features. As with 
Mojave Crater, I noted the presence of sinuous valleys, degraded alcoves eroded into crater 
and non-crater scarps, evidence for fluvial dissection of crater and non-crater scarps. As for 
Mojave Crater, in order to more accurately quantify the actual drainage densities inside of 
these craters, I chose representative regions ranging in size from ~44 km
2
 to ~157 km
2 
to 
conduct a more detailed drainage density analysis with HiRISE (see section 3.3.4 for 
method).  
3.3.4 Crater drainage density analysis  
In order to more accurately quantify the actual density of channel dissection within the 
craters, including Mojave, craters X, Y, and Z, and craters 1-5, I mapped channels of 
representative regions along crater interiors, including the intracrater ranges that have 
HiRISE coverage. Here, I define our drainage density (Da) calculation as the total length of 
each identified channel (LT) divided over a mapped area (A) of an intracrater range or 
interior crater rim front (Equation 1), including the channels found within the catchments and 
those leading to the heads of the alluvial fans. I do not treat each fan-catchment system as 
individual drainage basins here for the calculation due to their relatively small scale and large 
number across a HiRISE image. I am more interested in the relative differences in crater 
interior dissection between all of the study craters.   
LT / A = Da          (Eq. 3-1) 
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All drainage line extraction was performed manually because using the available DTMs to 
automatically calculate drainage lines commonly results in false positive channel detections. 
Due to the large number of channels within Mojave crater I chose to limit our digitization to 
only those channels that are wider than 5 m. The calculated density is consistent across the 
craters but is an underestimate of the true density.  
3.3.5 Construction of image mosaics and DTMs 
3.3.5.1 Mojave crater  
For information on the creation of DTMs covering Mojave crater see appendix section 7.1.1. 
In addition to the image data used in chapter 2, CTX (full coverage of surrounding terrain up 
to a distance of ~300 km from the crater rim) and HiRISE (where available – mainly covering 
craters X, Y and Z) imagery was acquired.    
3.3.5.2 Crater X (325.14ºE, 10.77ºN)  
I used a newly created HiRISE (~1 m grid spacing) DTM, along with an orthoimage. The 
resolutions for the HiRISE orthoimage is ~0.25 m. The images used for the creation of the 
DTMs and orthoimages were HiRISE stereo pair ESP_026983_1910 and ESP_027682_1910. 
The methods for DTM creation are as for Mojave Crater and are detailed in Kim and Muller 
(2009) and Kim et al. (2012). The DTM was produced by Jung-Rack Kim. 
3.3.5.3 Crater 4 (313ºE, 8.9ºN) 
Newly created HiRISE (~1 m grid spacing) and CTX (~18 m grid spacing) DTMs (method as 
for crater X), along with their respective orthoimages were utilised. The resolutions for the 
CTX and HiRISE orthoimages are ~6 m and ~0.4 m. The images used for the creation of the 
HiRISE DTM and orthoimages were: HiRISE stereo pair PSP_009393_1890 and 
PSP_010105_1890. Again, the DTM was created by Jung-Rack Kim.   
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3.4 Mojave crater catchment-fan systems 
Catchment-fan systems within Mojave Crater are predominantly located on crater-centre 
facing slopes of intracrater ranges, whereas catchment and fan development was limited on 
the rim-facing range slopes. Fans are also present on the ejecta blanket immediately 
surrounding the crater, sourced from local highs. Channels, catchments or fans are not 
observed on the crater’s central peak. Catchment and fan formation is very rare on the crater-
centre facing primary crater wall, where fluvial activity is restricted to simple alcove-and-fan 
morphologies which are present on the southern rim. Drainage density analysis performed on 
representative intracrater ranges gives a value of 6.06, the highest observed in this analysis. 
See chapter 2, section 2.3.5 for details on the different types of catchment-fan systems 
observed within the crater itself. These include fans which are range-derived (RD) and those 
which are intermontane-basin-derived (IBD). 
Mojave Crater’s continuous lobate ejecta blanket also exhibits significant evidence for fluvial 
dissection, including small alluvial fans and channels that drain local topographic highs 
(Figure 3-4A). This includes regions within and outside of small primary and secondary 
craters that superimpose Mojave’s ejecta blanket (Figure 3-4B). In addition, many small 
mesas (sub 10 km in diameter) and mounds that either protrude through the ejecta or are 
thinly draped by ejecta material, have catchments and fans located on their flanks (Figure 
3-4C). Channels within these catchments begin at the ridge crests and grade into alluvial fans 
that are obvious at CTX resolution (HiRISE is not available over the majority of the ejecta 
blanket). Overall, the evidence for this fluvial activity is mostly limited to the south, west and 
northeast parts of the ejecta blanket, although this may be influenced by the relative quality of 
the CTX imagery covering the mapped area.  
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3.5 Distribution of fluvial landforms in the Mojave crater region 
In order to analyse the distribution of evidence for relatively recent past fluvial activity within 
the zone surrounding Mojave Crater, I have mapped features (as one point feature per 
channel cluster, catchment, and fan-shaped surface) that are (1), Mojave-age or younger, and 
(2) potentially Mojave-age or younger (Figure 3-5). More ancient features (degraded alcoves 
and valley systems) have also been mapped and are shown in appendix 7.2.1.  
Mojave-age or younger fluvial features are identified from their location upon secondary 
craters generated by the Mojave impact event, or upon Mojave Crater’s ejecta blanket. These 
craters are likely to be secondaries based upon their small diameters (< 5 km), asymmetric 
morphology (often oval with irregular interior crater rims), shallow depths relative to their 
diameters compared to primary impact craters of similar size (observed qualitatively), and 
their location within obvious secondary crater chains that radiate from Mojave Crater’s centre 
(see Figure 3-6 for a map showing secondary crater clusters within a ~300 km radius of 
Mojave Crater). In cases where the craters do not occur within an appropriately oriented 
chain or cluster a secondary origin is often indicated by their asymmetric morphology that 
requires an oblique impact from the direction of Mojave Crater.  
 
  
151 
 
 
Figure 3-4: (A) Map showing fluvial features (channels, catchments and fans) as yellow dots. 
Black line shows the extent of the continuous ejecta blanket. (B) Example of a crater upon the 
ejecta blanket with a rim dissected with channels and fan-shaped features as crater fill. (C) 3 
km diameter mesa exposed within ejecta blanket, showing a large channelised fan-shaped 
feature on its southern side.    
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Figure 3-5: Map of area spanning ~300 km radius around Mojave Crater. Yellow dots show 
where evidence for potentially recent fluvial activity is observed. Where dots are encircled by 
a red outline, this shows that the fluvial activity is Mojave-age or younger (ie. sited on top of 
the continuous ejecta blanket, or within a crater that is highly likely to be a secondary 
produced by the Mojave impact event). Yellow boxes indicate location of Figure 3-13.  
  
153 
 
 
Figure 3-6: Secondary crater cluster and chain map of terrain surrounding Mojave Crater. 
Black outline shows extent of continuous ejecta blanket. The yellow outlines and labels show 
the locations of craters X, Y and Z which are discussed in section 4.3.    
 
In all, I observe ~10 secondary craters that show clear evidence for channel development 
and/or alluvial fan development on crater rims and ejecta blankets (see Table 7-4 in appendix 
for map and description of these 10 craters). The maximum distance from Mojave Crater of a 
secondary showing evidence for fluvial activity is ~220 km. The features which are observed 
upon the continuous ejecta blanket show a distinct decrease in number with distance from the 
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crater, and this may be at least partly dependent on the decrease in topographic relief away 
from the raised crater rim. 
In addition, I mapped fluvial landforms that occur upon terrain (eg. on scarps outside of the 
ejecta blanket and within primary craters) that is not easily dateable by crater count methods 
and likely to be older in age than Mojave Crater (yellow dots, Figure 3-5). However, due to 
their relative age associations with Mojave Crater, these features are likely older than the 
Mojave impact event. These landforms are located predominantly to the north and northwest 
of Mojave Crater. Crater X, a primary crater showing strong evidence for past fluvial activity 
is mapped as containing these types of fluvial landform in the form of catchment-fan systems.  
Density maps have been created showing the distribution of fluvial features (combining both 
recent and potentially recent) around Mojave Crater (Figure 3-7). Figure 3-7B shows the 
distribution of alluvial fans, and Figure 3-7C shows the distribution of channel clusters (and 
catchments) incised into topography. The maps show that fluvial activity is clustered within 
and directly around Mojave Crater, showing a general decrease in density with distance from 
the crater. Significant exceptions to this are clusters of fluvial activity in secondary craters to 
the west and northeast, and within crater X to the northwest.  
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Figure 3-7: (A) Density map (kernel function, using a radius of 50 km) showing density of 
points which represent clusters of channels or definable catchments, and fan surfaces. Units 
are in features/km
2
. (B) Density map (kernel function, using a radius of 50 km) showing 
density of points which represent fan surfaces only. (C) Density map (kernel function, using a 
radius of 50 km) showing density of points which represent clusters of channels or definable 
catchments only.  
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3.6 Morphology of fluvial landforms in the Mojave crater region 
Below I highlight the morphology of fluvial landforms within craters X, Y, and Z, which are 
located within this general region outside of Mojave Crater. Other craters that were 
documented are described in Table 7-4 in the appendix. In addition I describe the older 
fluvial landforms such as sinuous valleys and catchment-alcove features.    
3.6.1 Crater X: large crater  
This complex 9.2 km diameter crater is located ~220 km northwest of Mojave Crater’s centre 
(325.14ºE, 10.77ºN, HiRISE image ESP_026983_1910) (labelled X on Figure 3-5, and detail 
shown in Figure 3-8). Full CTX coverage is available, along with a HiRISE DTM and ortho-
image. The depth of Crater X, at 1.06 km, is comparable to other primary craters of similar 
diameter (Garvin, 2003) (see appendix 7.2.2 for data relating depth and diameter of primary 
craters). In addition, it is also too large to be a ballistically emplaced secondary crater at this 
distance from Mojave. For instance, Table 4 in McEwen et al. (2005)  indicates that the size 
(eg. diameter) ratio of the largest secondary relative to its primary should range from 0.025 to 
0.083 (note that the ratio is also dependent on primary size). This would put the largest 
secondary for a ~60 km Mojave-sized crater at only ~5 km diameter.  
Similarly to Mojave Crater, the primary crater rim of crater X shows no evidence of 
dissection by channels Figure 3-8A. Instead, scree slopes and debris aprons are present that 
have short run out lengths, and likely formed by mass wasting processes. At the base of the 
primary crater rim several tiers of intracrater ranges and basins are present in Figure 3-8A, C. 
The ~200 m wide intracrater ranges have asymmetric topography with higher relief on the 
crater-centre facing slopes (Figure 3-8C). The ranges have ubiquitous alluvial fan features at 
their bases. Interestingly, the intracrater ranges themselves show far less evidence for 
catchment development than in Mojave crater – observations of distinct channels are quite 
rare, even when alluvial fans are present immediately below range slopes. Drainage density 
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analysis of the intracrater range zone yields a value of 3.68, which is approximately half that 
calculated for Mojave crater.  
I observe two types of fans within this crater. These are (a) small, darker-toned fans that are 
present at the base of intra-crater range slopes, and (b) large, lighter-toned, fans which may 
be sourced from intermontane basins (Figure 3-9). These two fan types broadly match the 
descriptions of the range-derived fans, and the intermontane-basin derived fans, that are 
observed in Mojave Crater. Type (a) fan surfaces (<250 m in length) are present either just 
below the crater-centre facing range flanks (see fans 1, 2, 4, 5 in Figure 3-9A), beneath gaps 
(cols) between ranges on the northern crater rim (see fans 6, 7, 8, 9, 10 in figure 10A), or 
between the primary crater rim and the uppermost intracrater range (3, 5 and 8 in Fig. 10A). 
The fan surfaces are cross-cut by a dense network of channels (of less than 7 m wide) and 
metre-scale boulders, distributed randomly over fan surface, from apices to toes (Figure 
3-9C). The fan surfaces range from smooth and indurated, with limited surface relief, to dark 
and coarse-grained, with deeper channels. Similarly to fans in Mojave Crater, fan gradients 
range from ~7º to ~13º, with a mean of 10º (Figure 3-9B and Table 7-6). Type (b) fan 
surfaces are light-toned, with longer fans (~1.5 km) (Figure 3-9A, D). These fans show 
channels, but these are less pronounced than on the darker-toned fans. Gradients of these 
surfaces (profiles 11 - 12, Figure 3-9A) are up to ~12º (Table 7-6).  
The crater has a central depression that is ~500 m in diameter Figure 3-8B. This depression is 
surrounded by a channelised topographic high consisting of smooth material (possibly impact 
melts). The channels here are wide (< 25 m) and not densely distributed, being approximately 
~100 m apart. On the crater floor pitted material is present, and is interpreted as impact melt 
material which underwent processes of degassing (Tornabene et al., 2007; Boyce et al., 
2012a; Tornabene et al., 2012). However, this terrain is not as well-preserved as in Mojave 
Crater and may have been eroded in places.   
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Figure 3-8: Crater X. (A) CTX (~6 m pix
-1
) and HiRISE (~25 cm pix
-1
) mosaic overlain with 
a colour-shaded HiRISE DTM (~1 m grid spacing) showing crater X. The DTM was created 
by Jung-Rack Kim using the methods outlined in Kim and Muller (2012). HiRISE image 
shows extent of DTM. Large white box shows location of Figure 3-9. (B) Inset showing 
crater’s central depression and associated channels. (C) Profiles of crater rim, locations of 
transects are shown in (A).  
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Figure 3-9: Crater X. (A) Close-up HiRISE image with colour-shaded DTM overlay of 
northern crater rim, showing fans (black outlines). The DTM was created by Jung-Rack Kim 
using methods in Kim and Muller (2012). Numbers refer to fan statistics in Table 7-6 in the 
appendix. Black lines through fans show locations of transects used to examine fan gradients 
through profiles. (B) Fan profiles, locations as shown in (A). (C) Close-up of dark-toned, 
coarse-grained range-derived fan 6. (D) Close-up of smoother, light-toned fans numbered 11 
and 12.   
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Figure 3-10: (A) Map of possible secondary craters within crater X. Fans superposed by 
craters shown in yellow dots. Craters superposed by fans shown in red dots. Craters which 
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both superpose fans, and are superposed by channels, are shown in blue dots. Craters that 
are not obviously impacted into channelised fans, or do not contain channels, are not noted. 
(B) Crater cluster superposing a fan with a channel (arrow). (C) Craters superposing a fan, 
and also containing possible channels that breach the crater rim. (D) Same as in (C). (E) 
Crater superposed upon possible bedrock at the base of a channelised fan surface. This 
crater is clearly superposed by channels, however, it is unclear whether the crater cross-cuts 
older channels. I note that in all cases, the number of channel breaching the rims of the 
craters is low, and the craters are not fully infilled.    
 
It is important to establish whether the crater pre- or post-dates the formation of Mojave 
Crater, in order to establish whether the fluvial activity in both craters might have been 
related to the same, or different, events. Crater X is a primary impact feature indicating that a 
significant time gap likely existed between the two the impact events. This is predicted based 
on the extremely low production rate of km-sized impacts during the Amazonian (Hartmann, 
2005). There is strong evidence that numerous crater clusters (that have individual crater 
diameters ranging from ~50 to ~120 m in diameter) within crater X are secondaries from 
Mojave crater. Figure 3-6 indicates that mapped secondary crater chains from Mojave Crater 
(that share a similar size-frequency distribution to those inside crater X) are present directly 
adjacent to crater X. Additionally, the craters within crater X show distinct clustering and 
have somewhat irregular shapes. Importantly, there is evidence that these secondary craters 
commonly superpose channelised fan surfaces, and are also in some cases superposed by 
channels themselves. Figure 3-10 shows a map of: (a) fans superposed by craters (Figure 
3-10B), and (b) craters which both superpose fans, and are superposed by channels (Figure 
3-10C, D, E). This evidence quite strongly indicates that crater X is older than Mojave crater, 
and that fan activity both pre-dates and post-dates the Mojave crater impact. Importantly, 
however, a depth-diameter analysis indicates that the observed depth is as expected for a 
fresh crater of this diameter according to Garvin (2003). This indicates that multiple phases 
of fluvial activity have occurred relatively recently in crater X.  
  
162 
 
3.6.2 Crater Y: possible secondary crater impact 
This ~1.8 km diameter crater is located ~113 km northeast of Mojave Crater (328.3E, 8.8ºN; 
HiRISE image ESP_013968_1890) (Figure 3-5 and Figure 3-11A). It is located on highland 
terrain, close to a canyon wall scarp. It is located adjacent to a cluster of similar sized 
secondary craters from Mojave Crater that are located within a crater chain (Figure 3-6 for 
crater cluster map).  
The crater is bowl-shaped, although slumping of the crater rim on the southwest side has 
created some intracrater topography in this location. The crater rim is highly dissected by 
sinuous bedrock channels on the northwest, west and southwest sides (red lines, Figure 
3-11A). Drainage density analysis of the crater and surrounding area yields a value of 3.31, 
which is lower that calculated for Mojave Crater but more than for crater X. These channels 
predominantly drain small theatre-shaped alcoves that have been formed by headward 
erosion into the crater rim (Figure 3-11B). Steep scree slope/fans that are not channelised 
have formed between the alcoves and the crater floor (Figure 3-11B). The clast-size of 
sediment on these slopes cannot be resolved using HiRISE imagery (<25 cm diameter), but 
larger clasts (< 4 m) are observed. The crater floor is flat, without a central feature, and no 
pitting or fracturing is observed. On the eastern crater floor two areas of fan deposit are 
observed (Figure 3-11A, C); the northern-most fan has cross-cutting channels, and is situated 
downstream of the most extensively developed catchment-alcove features. The southern-most 
fan does not have obvious cross-cutting channels and is less well-preserved.   
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Figure 3-11: Crater Y. (A) HiRISE (~25 cm pix
-1
) image showing crater Y. White box shows 
location of (B, C, D). Red lines show locations of channel features which surround the crater 
on all sides. White arrow shows location of scarp behind the crater – this may be the wall of 
a previous impact crater. (B) Close-up of a set of alcove-style catchments with multiple 
branching tributaries. Black arrows show catchment divides to the rear of the alcoves. (C) 
Close-up of alluvial fans shown in (A). The northernmost fan is best preserved, with cross-
cutting channels observed. (D) Close-up of sinuous channels within a catchment located 
upon a scarp ~3 km to the south of crater Y, location shown in (A).   
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Small sinuous cross-cutting channels are also observed extensively over the highly dissected 
crater’s continuous ejecta blanket, which extends roughly 1 km from the primary crater rim 
(Figure 3-11A). In addition, nearby scarps unrelated to the crater topography (up to three 
kilometres away) are also dissected by sinuous channels (Figure 3-11A, D).  
3.6.3 Crater Z: secondary crater cluster 
Crater Z is a cluster of multiple impact craters that are likely secondary in origin (Figure 3-5 
and Figure 3-12A). This ~2.2 km diameter cluster is located ~100 km northeast of Mojave 
Crater at 328.3ºE, 8.79ºN (HiRISE image ESP_013968_1890). The craters are likely 
secondaries from Mojave Crater, due to the proximity to Mojave, direction of the crater 
chain, and the overlapping nature of the impacts.  
Sinuous channels that emanate from local topographic highs are observed at many points 
around the primary crater rim (Figure 3-12A, B, C). Whilst one large catchment is present on 
the inner crater rim (Figure 3-12C), the majority of sinuous bedrock channels developed on 
outer crater rim slopes, where gradients are likely to be significantly lower (Figure 3-12B). 
The channels can be isolated, or drain simple catchment-alcoves or larger catchments that 
contain multiple tributaries (Figure 3-12B, C). Small fan surfaces with cross-cutting channels 
are observed both inside and outside the crater cluster (Figure 3-12D). On the west side of the 
cluster a large catchment of 0.3 km
2
, and 600 m in length, is observed (Figure 3-12A, C). 
Many orders of sinuous cross-cutting channels are observed; the dissection leads to a dense 
network of channels, leaving small isolated interfluves behind (Figure 3-12C). There are also 
fan deposits with cross-cutting channels present on the crater floor at the base of this 
catchment.  
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Figure 3-12: Crater Z. (A) HiRISE (~25 cm pix
-1
) image showing crater Z. White boxes show 
location of (C) and (D). (B) Channel features are observed on outer rim of crater. (C) Close-
up of large catchment with multiple branching tributaries, and associated fan. (D) Fan 
surface situated outside crater, sourced from channels shown in (B).    
 
3.6.4 Older sinuous valley systems 
Numerous Noachian-Hesperian-age sinuous valley systems, often with branching tributaries, 
are present north of Mojave Crater, draining degraded impact basins and highland terrain 
(Figure 3-13A and Figure 7-6). These channels commonly emerge fully developed and 
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remain equal in width along their lengths (~200 m), not widening in the downstream 
direction. Channel thalwegs are infilled with smooth material, perhaps dust. The amphitheatre 
morphology of the channel heads and the lack of multiple branching networks are most 
consistent with formation by groundwater sapping (Harrison and Grimm, 2005; Hauber et al., 
2009). In addition, smaller-scale and shallow valleys are widely observed on terrain to the 
north of Mojave Crater. These appear to have distributed networks.  
 
Figure 3-13: (A) CTX (~6 cm pix
-1
) showing fluvial valley feature ~70 km north of Mojave 
Crater. (B) Degraded alcove features along canyon wall south of Mojave Crater. Note ~5 km 
long landslide with possible secondary crater impact. Locations of (A) and (B) are shown in 
Figure 3-5.     
 
Studies in nearby Xanthe Terra (highland terrain of Noachian-age situated ~250 km to the 
east of Mojave Crater) have discovered two types of valley networks in this general region 
(Harrison and Grimm, 2005; Hauber et al., 2009) including smaller Late Noachian-Early 
Hesperian shallow valley networks (Rotto and Tanaka, 1995; Harrison and Grimm, 2005; 
Hauber et al., 2009) and younger Hesperian-age groundwater sapping valleys (eg. Nanedi 
Valles) (Harrison and Grimm, 2005; Hauber et al., 2009). I therefore suggest that the valleys 
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observed close to Mojave Crater are pre-Amazonian in age and not related to the Mojave 
precipitation event(s).     
3.6.5 Large degraded catchment-alcoves 
Most scarps (such as outflow channel walls, nearby scarps, and large crater rims on highland 
terrain) in the region surrounding Mojave Crater (in a ~300 km radius) exhibit degraded 
catchment-alcove features (Figure 3-13B and Figure 7-6). The alcoves are smooth in 
appearance, only very occasionally exhibiting channel-like features that are resolvable in 
CTX images. Alcoves are bowl-shaped; no complex drainage basin arrangements are 
observed – for example, catchments are not irregularly shaped and cannot be sub-divided into 
sub-catchments. Some are linked to landslides with run-out lengths of more than 10 km; it is 
unknown whether they collapsed under dry versus wet conditions (Quantin et al., 2004) 
(Figure 3-13B). These landslides post-date the smooth infill that superposes the outflow 
channel floor (dated in chapter 2, section 2.3.2), but in places contain impact craters which 
may be secondaries from Mojave Crater (Figure 3-6 shows that secondary crater clusters 
occur downstream from these features). Dating of landslide aprons with a similar morphology 
in nearby Valles Marineris yields ages ranging from 3.5 Gy to 50 My (Quantin et al., 2004).       
3.7 Fluvial landforms within and surrounding Amazonian-age craters across Mars 
Here, I describe Mojave-like fluvial morphologies in five additional craters with well-
preserved ejecta blankets and crater rims. These craters also exhibit channelised alluvial fans 
that are preserved on intracrater ranges, demonstrate evidence for flows of material between 
terraced intermontane basins, and have distinct catchment formed on intracrater ranges. 
However, for many of these craters, the catchments/alcoves are not as well developed on the 
primary crater rim as in Mojave, with notable exceptions. I also present observations of 
features indicative of fluvial activity from areas directly surrounding the five relatively 
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youthful Martian craters. The excellent preservation of the intracrater ranges, primary crater 
rims, and easily delineated continuous ejecta blankets, implies a youthful age.  
In addition, I have carried out crater depth measurements using MOLA 128ppd and compared 
the results to the depth-diameter relationship predicted by Garvin (2003) for fresh complex 
craters. The results of this show that crater 1 has an actual depth that is within ~200 m the 
predicted depth, and all other craters have actual depths within 50 m of the predicted. 
Therefore I hypothesise that these observations of preservation combined with a lack of infill 
confine the craters to formation only after the Late Noachian to Early Hesperian climatic 
optimum (Irwin et al., 2005; Mangold et al., 2012a).  
With these data I address the following questions: (1) Is Mojave Crater the only example of a 
youthful Martian crater that experienced precipitation-induced degradation. In other words, is 
Mojave Crater unique and should we expect to find multiple landform examples across Mars 
that indicate recent precipitation? (2) What are the implications of the observed youthful 
fluvial landforms with regard to our understanding of the recent Martian climate and 
precipitation-generating processes (regional or local)?  
3.7.1 Crater 1, 94ºE, 10ºN 
This ~55 km-diameter impact crater has a complex structure with multiple range-terrace tiers 
(Figure 3-14A, B). As with all the five craters in this section, crater 1 has a well-preserved 
continuous ejecta blanket and secondary crater rays visible in THEMIS night-time imagery. 
Again, the primary crater wall is steep with a scree apron, and shows no development of 
catchment/alcove features, indicating erosion by mass wasting processes (Figure 3-14A, B). 
The crater has approximately three terraces of elongate inner ring ranges, with pitted 
intermontane basins present between range tiers.  
  
169 
 
Ranges are less prominent than in Mojave Crater - they may have been smaller from the 
outset, or may have undergone more extensive erosion. In addition, divisions between ranges 
and basin infill are unclear due to dust cover, making it difficult to judge whether individual 
fans are sourced from basins, ranges, or both. However, it is possible to observe that simple 
alcove-style catchments have developed within some of the ranges (Figure 3-15A). Fan-
shaped surfaces are limited in size (<0.5 km
2
), and lack cross-cutting channels on their 
surfaces. Fans that terminate abruptly are observed on HiRISE imagery in the northeastern 
part of the crater (Figure 3-15B). This example is sourced from an alcove that does not retain 
evidence of tributaries, and has a single feeder channel which appears to be inverted. The fan 
surface is highly cratered, may have inverted channels (arrow, Figure 3-15B), and appears to 
be indurated.  
3.7.2 Crater 2, 98ºE, -18ºN  
This ~40-km-diameter crater is approximately circular in shape and complex in structure 
(Figure 3-16A). The peak-ring structure is ~8.5 km in diameter, but has a distinct ~3 km wide 
depression in its centre. Like the other complex craters described here, the primary crater wall 
is steep with a continuous debris apron, but exhibits no evidence for catchment-alcove 
formation. Crater 2 has several tiers of intracrater ranges that are concentric and downstep 
from the primary crater rim. Although I observe sinuous channels emerging from the ridge 
crests of these intercrater ranges (Figure 3-16B), there is only limited bedrock dissection in 
comparison to Mojave. Furthermore, these channels are typically not associated with alluvial 
fans, unless they are buried beneath subsequent crater infill.  
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Figure 3-14: (A) CTX (~6 cm pix
-1
) image showing crater 1. White boxes show location of 
(B) and (C). (B) Focus on the inside of the crater wall showing range tiers.   
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Figure 3-15: (A) Channel feature sourced from intracrater range. (B) Black arrows shows 
inverted channels on a fan feature, and black box outlines an indurated fan with inverted 
channels.  
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Large fans with lengths of > 2.5 km are present on the northern crater rim (Figure 3-16C). 
The catchment areas here are not easily defined due to erosion of the ranges and dust cover. It 
is therefore unclear whether this fan material is actually sourced from ranges, or the 
intervening basins. The surfaces of the fans are indurated, are dark-toned compared to 
intermontane-basin infill, and have highly scoured surfaces that may indicate erosion by wind 
(striations are observed on the fan surfaces, and fine layers of rock are observed, indicating 
that uppermost layers have been removed (Figure 3-17A, B). Inverted sinuous features that I 
interpret to be inverted channels are also present on the fan surfaces (Figure 3-17A), and 
appear to be cross-cutting in places. Sedimentary layering is observed near the fan toes 
(labelled, Figure 3-17B). In addition, as for Mojave range-derived fan examples, a sharp 
scarp is observed at the fan toes, where fan material meets the pitted crater floor (labelled, 
Figure 3-17B). 
3.7.3 Crater 3, 169ºE, 19ºN  
Crater 3 is a ~35-km-diameter crater (Figure 3-18A) that has a distinct central peak and well-
defined rim and ejecta blanket. The primary crater wall is steep and scree covered, and two 
main terraces of intracrater ranges are present at the base of the primary crater rim. The 
intermontane basins present here also show evidence for pits, which are very well-preserved 
where observed.  
Several isolated ranges that are situated on the northern and eastern crater wall are heavily 
dissected by sinuous, cross-cutting channels (Figure 3-18B, C). Similar to Craters 1 and 2, the 
intercrater ranges here do not have catchments that are as well developed as Mojave Crater – 
although there are channels that emerge directly from ridge crest locations. On the northern 
crater wall fan bajadas are sourced from the eroded isolated ranges (Figure 3-18D, E). These 
are relatively dark-toned and show metre-scale boulders on the fan surface. Cross-cutting 
channels are observed on fan surfaces (Figure 3-18E). 
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Figure 3-16: (A) CTX (~6 cm pix
-1
) image showing crater 2. White boxes show location of 
(B) and (C). (B) Close-up of small catchment, eroded into a mixture of bedrock range and 
intermontane basin deposit. (C) Close-up of steep fan bajada with possible inverted channels. 
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Figure 3-17: Crater 2. (A) Close-up of fan surface with inverted channels. Location shown by 
white box in Figure 3-16C. (B) Close-up of distal fan surface with exposed layers. Location 
shown by white box in Figure 3-16C. 
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Figure 3-18: (A) CTX (~6 cm pix
-1
) image showing crater 3. White boxes show location of 
(B) to (D). (B) Small fans located beneath dissected ranges on crater rim. (C) Highly 
dissected bedrock mesa at base of crater rim. (D) Fan with channels located beneath range 
on northeast crater rim. (E) Close-up of fan surface in (D), demonstrating coarse grain sizes 
on fan and cross-cutting channels.  
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3.7.4 Crater 4, 313ºE, 8.9ºN 
This ~16 km diameter crater is approximately circular in shape and has a complex structure 
(Figure 3-19A). The primary crater wall is steep and covered with a scree apron, though no 
catchments or erosional alcoves are preserved on the upper rim. The crater has two to three 
main tiers of ~200 m wide intracrater ranges that run parallel to the primary rim, and have 
higher relief on the crater-centre facing slopes (Figure 3-19B). As in Mojave Crater, fan 
surfaces are observed on slopes below the intracrater ranges, sourced from both intracrater 
ranges and intermontane basins. I concentrate my analysis on the northern and southern rims, 
where HiRISE-resolution imagery is available.    
The northern crater wall contains tens of separate fan deposits that are sourced from both the 
intracrater ranges and intervening intermontane basin (labelled, Figure 3-20A). The majority 
of the fans are sourced from the first intracrater range tier (labelled 3, 4, 7 – 9, and 11 – 14, 
Figure 3-20A). However, several of the largest fan deposits (fans 11 and 14, Figure 3-20A) 
are sourced from the intermontane basin between the primary crater rim and the first range 
tier, through cols in the range (labelled X, Figure 2-21A). As in Mojave Crater, and crater X, 
the fans all show smooth, linear to concave-up topographic profiles with gradients that range 
from ~7 to ~14º (Figure 3-20B). Here we describe two catchment-fan systems, 11 and 14, 
which are representative examples.        
Fan 11 is ~500 m in length and has numerous incised channels of < 20 m width (Figure 
3-21A). It is sourced from a small alcove-style catchment that is eroded primarily into the 
bedrock range (Figure 3-21A). However, there may be linkage in terms of two possible 
channel features of ~25 m width, (labelled with arrow, Figure 3-21A) between the uppermost 
intermontane basin and the catchment. Material may therefore have been sourced from both 
the range and the intermontane basin. The bedrock catchment within the intermontane range 
consists of scree-covered slopes covered with boulder-scale clasts (many larger than >0.5 m), 
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but no channels (Figure 3-21B). Fan 14 is ~1 km in length, and contains channels <15 m 
wide on its surface (Figure 3-21D). The source area (Figure 3-21C) is similar to system 11 in 
that there is connection between the fan surface and both intermontane basin deposits and a 
bedrock catchment. A single ~1 km long, ~100 m wide valley connects the intermontane 
basin to the fan apex (Figure 3-21C, D). The valley contains an inverted channel (labelled 
with arrow, Figure 3-21D).   
The southern crater wall shows extensive dissection of bedrock, and the presence of large fan 
bajadas that are less well-defined than those described above in terms of channel 
development (Figure 3-21F). Sinuous channels of up to 20 m in width dissect bedrock mesas 
(Figure 3-21F), and connect to fan surfaces are up to 2 km in length. However, these are not 
well preserved or developed: cross-cutting channels are present only in some locations and 
dust cover is extensive.  
The crater interior has much dust cover, and dunes are present. Between the dunes the surface 
looks indurated and preserves many small craters. However, in many places are pits are 
observed. The central depression (~3 km in diameter) has an exterior raised rim which has 
very simple alcove shaped catchments with associated channels (Figure 3-21G). Fans are not 
associated with these features, but may be present buried underneath more recent crater fill.   
 
  
178 
 
 
Figure 3-19: (A) CTX (~6 m pix
-1
) and HiRISE (~25 cm pix
-1
) mosaic showing crater 4. The 
area covered by HiRISE is overlain with a colour shaded DTM (produced by Jung-Rack Kim 
using the methods described in Kim and Muller (2012)). (B) Profiles of crater rim. Profile 
locations shown in (A).  
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Figure 3-20: (A) Close-up of fan surfaces on northwestern crater rim. Colour shaded HiRISE 
DTM overlay is shown – this was produced by Jung-Rack Kim using methods described in 
Kim and Muller (2012). (B) Fan profiles from northern crater rim. Locations of profiles 
shown in (A).  
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Figure 3-21: (A) HiRISE (~25 cm pix
-1
) image showing fan 11. (B) The apex of fan 11. Note 
the lack of catchment channels. (C) Fan 14. (D) Close-up of the apex of fan 14. Note the 
sinuous inverted material infilling a valley-feature. (E) Close-up of the surface of fan 14. (F) 
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Small fan surfaces present on the southern crater rim. (G) Central depression with channels 
draining into it.  
 
3.7.5 Crater 5, 329ºE, 36ºN 
This ~25 km diameter crater is approximately circular in shape and shows a complex 
structure (Figure 3-22A), with a central depression that is ~3.5 km in diameter. Unlike all the 
other craters in this study, the primary crater wall contains extensive alcove-style catchments 
and associated fan bajadas (Figure 3-22B). These alcove-gully-fan systems appear very 
similar to mid-latitude gullies (and indeed, this crater is situated at the correct latitude for 
these features – at 36ºN). However, unlike mid-latitude gullies, they are present all around the 
crater rim, instead of predominantly on the equator-facing slopes (Head and Marchant, 2003; 
Carr and Head, 2010). The fans themselves are poorly preserved in comparison to those in 
Mojave Crater – the surfaces are roughly textured with putative inverted channels, and may 
be indurated as numerous circular pits and/or craters are observed (Figure 3-22B). 
The crater has multiple tiers of concentric intracrater ranges, separated by intermontane 
basins which contain well-preserved pitted infill. Fan surfaces are observed around the 
interior crater wall, sourced from catchments which are eroded into both ranges and 
intermontane basin infill (Figure 3-22C). In contrast to Mojave Crater, where many 
catchments have multiple branching tributaries which drain a complex arrangement of sub-
catchments, the catchments in crater 5 have a much simpler geometry. They are large theatre-
shaped alcoves that are drained by linear incised valleys of up to 60 m in width and 1 km in 
length (Figure 3-22C). The rear drainage divide is always distinct and in most cases appears 
to be eroded into intermontane basin deposits, which is a highly similar morphology to that 
observed on the eastern rim of Mojave Crater (section 2.9).  
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Figure 3-22: (A) JMARS image showing overview of crater 5. White boxes show locations of 
close-up images (B) and (C). (B) HiRISE (~25 cm pix
-1
) showing alcoves on primary crater 
rim with fan bajada at base. (C) Catchments-alcoves on intracrater range. Large fan bajada 
present at base with incised and inverted channels.  
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Fans associated with the largest alcoves are up to 3 km in length and form several-kilometre 
wide bajadas (Figure 3-22C). The fans throughout the crater show very similar morphologies. 
From the fan apices, <100 m wide incised channels extend approximately a third of the way 
down-fan (Figure 3-22C). Midway down the fan, channels become narrower and more 
numerous, and are predominantly inverted (Figure 3-22C). 
3.8 Drainage density analysis of craters 1 to 5 
Drainage density analysis reveals that the five craters have a drainage density that is highly 
varied, and at least ~5 times lower than that in Mojave Crater in all cases. In addition, 
drainage densities are lower than those observed in craters X and Y. Crater 2 has the lowest 
density of channels at 0.41 (units are km of channel length per km
2
), followed by craters 1 
and 5 at 0.57 and 0.93, respectively. Crater 3 has a drainage density of 1.23, and crater 4 is 
the most highly dissected, at 2.02. Figure 3-23 shows a selection of intracrater ranges with 
channels illustrated by red lines to demonstrate the differences in channel density between 
craters.   
3.9 Fluvial landforms outside of craters 1 to 5 
In order to analyse the distribution relatively recent past fluvial activity around craters 1 to 5 I 
studied all CTX images within a ~250 km radius surrounding the craters for fluvial features, 
using the MRO CTX Arizona State University (ASU) pre-processed image viewer.  
The ejecta blanket of crater 1 contains more limited evidence of channel or alluvial fan 
formation than for Mojave Crater. These features are restricted to within several kilometres of 
the outer edge of the primary crater rim, where topography is higher. I note that no HiRISE 
imagery is available for the ejecta blanket, and from Mojave Crater, it is clear that small 
small-scale channels are difficult to observe using only   CTX imagery – therefore some 
resolution bias may be an issue (and this would apply to all craters 1 to 5). The observed 
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secondary craters of Crater 1 show no evidence for fluvial activity upon their rims or 
interiors. Youthful primary craters (<1 km diameter) outside of Crater 1, defined by, their 
generally circular shape, raised rims, and smooth bowl morphologies, have limited infill. 
Many of the largest well-preserved complex craters in this region show evidence for mass-
wasting and possible fluvial processes on the degraded inner crater walls, but no evidence for 
recent (ie. well-preserved) fluvial activity. G09_021585_1890_XN_09N264W in Figure 
3-24A displays evidence of a highly degraded complex crater that has possible alluvial fans 
inside and outside of its margins.  
The ejecta blankets of craters 2 and 3 contain very limited evidence of channel or alluvial fan 
formation. In the vicinity of these craters, large complex craters are not well-preserved and 
show evidence for mass-wasting or fluvial processes on the degraded inner crater walls. 
However, they do not contain well-preserved evidence for fluvial activity that might indicate 
recent activity. Terrain to the east of crater 3 shows many mesas which have prominent dark 
streaks on their slopes.   
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Figure 3-23: Example intracrater ranges from craters 1 -5 and Mojave Crater. Red lines 
show locations of incised channels, and blue outlines show area studied.   
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The ejecta blanket of crater 4 contains some evidence of channel or alluvial fan formation 
within a few kilometres of the crater rim, where topography is highest. Secondary craters 
show no evidence for fluvial activity upon their rims or interiors. As with previous examples, 
large complex craters are not well-preserved and show evidence for mass-wasting or fluvial 
processes on the degraded inner crater walls. Shalbatana Vallis 260 km to the southeast 
contains alcoves and fan-shaped deposits on its canyon walls. No sinuous channels are 
observed, and I cannot determine whether mass-wasting or fluvial processes are to be 
invoked. However, fan-shaped bodies show exposed layering and inverted channels, 
indicating that water may have played a role.    
The surrounding terrain morphology around crater 5 is indicative of lava flows: wrinkle 
ridges and putative cones (mud volcanoes?) appear extensively. I have observed several 
instances of simple craters (located at distances of ~100 – 200 km from crater 5) with small 
poorly developed alcoves and fan surfaces. I do not consider these to be strong evidence of 
fluvial activity, as mass-wasting processes could have caused similar features. A complex 
crater with a similar morphology to crater 7 is observed ~150 km south-southwest of crater 7 
(CTX image P16_007362_2135_XN_33N031W). The crater has numerous terraces 
consisting of flat-lying material, and pitted morphologies are ubiquitous crater-wide. At 
isolated positions around the crater rim poorly developed alcoves and fan surfaces are present 
(Figure 3-24B). In addition, a larger single alcove and fan (~3 km in total length) is observed 
(Figure 3-24B). It is unclear whether these features may have been formed through mass-
wasting versus fluvial erosion.  
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Figure 3-24: (A) Fans within degraded crater near crater 1 (CTX image 
G09_021585_1890_XN_09N264W). (B) Alcoves and fans within a well-preserved crater 
near crater 5 (CTX image P16_007362_2135_XN_33N031W). 
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3.10 Discussion: summary review of data  
Observations from the terrain surrounding Mojave Crater (younger than mid-late Amazonian 
in age), and five further craters (which are very well-preserved and most likely to be either 
Late Hesperian or Amazonian in age) show that: 
(1)  Mojave Crater exhibits evidence for fluvial landforms within and outside of its 
primary crater rim. Tributaries begin at ridge crest locations, arguing strongly in favour of 
precipitation-based erosion (given the improbability of groundwater upwelling at isolated 
highs).  
(2) The density of fluvial landforms around Mojave Crater decreases with distance from 
the primary crater. This observation may be especially important, as regional precipitation 
induced by climate change should not show this pattern unless there is an orographic weather 
effect that was induced by the crater’s rim topography. Although it is possible that the high 
density of fluvial features within the crater is due to a concentration of high slopes on which 
higher energy erosive flow during rainfall could be generated, the density map (Fig. 8) shows 
that there are clearly less channels on the steep outflow channel scarps to the north of the 
crater (regardless of their age). In particular, I note that nearby scarps do not show evidence 
for recent fluvial modification. 
(3) Craters X and Y demonstrate lower drainage densities than Mojave crater 
(approximately a third to a half as high), at 2.13 and 2.67, respectively, compared to 5.82 for 
Mojave crater. This indicates that features located further from Mojave Crater have 
experienced lower degrees of channel erosion, supporting point (2) above. Drainage density 
values are higher than those for craters 1 – 5.   
(4) Crater X shows strong evidence for multiple recent phases of fluvial activity that both 
pre-date and post-date the formation of Mojave crater. This indicates the likelihood of at least 
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two recent phases of fluvial activity in this crater. This is upon the basis of secondary craters 
(likely from Mojave crater) that superpose channelised fans, and are in some cases partly 
eroded by channels. Importantly, the secondary craters only show limited erosion by 
channels, indicating that the majority of fan formation occurred prior to the Mojave crater 
impact.  
(5) Other Amazonian-age craters (1-5) show evidence for more limited sediment 
movement by fluvial activity and the catchments are not as dissected as Mojave. In at least 
three of these craters tributaries begin at ridge crest locations, also indicating the likelihood of 
precipitation-based erosion. Values of drainage density are on the order of five times lower in 
these craters than in craters Mojave.   
(6) Limited evidence for fluvial activity outside of craters 1-5, in a similar pattern to 
Mojave Crater. This indicates a similar process may have operated to generate precipitation at 
all of these craters. 
On the whole, these observations lead me to conclude that not only is precipitation limited to 
the general region surrounding these primary craters (Mojave, and craters 1 to 5) but that its 
influence and ability to move sediment decreases fairly rapidly with distance. In this 
discussion we attempt to distinguish which mechanism(s) of precipitation are most likely, 
based upon the evidence collected in this study.   
3.11 Discussion: mechanisms of water delivery to Mojave crater 
Three possible mechanisms by which precipitation may have occurred in Mojave Crater and 
the surrounding area are: (1) precipitation as rain or snow due to regional climate change, (2) 
precipitation by localised atmospheric effects that occur only around the target impact site 
(impact plume related atmospheric processes, and a crater lake-storm system), and (3) 
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hydrothermally induced surface water flow. Here I outline the pros and cons of each 
hypothesis, based upon the morphological evidence gathered in this study.  
3.11.1 Regional climate change  
This scenario requires precipitation as rain or snow which might have been induced by 
obliquity variations (thought to have played a key role in glaciations events the Late 
Amazonian epoch eg. Head et al., 2006, Dickson et al., 2008, Dickson et al., 2009, Morgan et 
al., 2010), regional increases in greenhouse gases due to volcanism (Craddock and Greeley, 
2009), or a large far-field impact event that was big enough to cause a global climate shift 
(Segura et al., 2002; Moore et al., 2003; Segura et al., 2008; Toon et al., 2010).  
Several conflicting lines of evidence have been gathered during this study, which may argue 
both for and against regional climate change as a mechanism. On the one hand, it is difficult 
to explain the distribution of fluvial features observed surrounding Mojave Crater, and craters 
1 to 5, using a regional climate change mechanism. This is because fluvial features are 
restricted to the area within, or immediately surrounding the primary craters, and, in the case 
of Mojave Crater, decrease in density with distance. However, crater X (~220 km from 
Mojave crater) shows strong evidence for relatively recent fluvial activity that pre-dates and 
post-dates the Mojave crater impact. Furthermore, the majority of fluvial activity appears to 
pre-date Mojave crater.  
I outline two regional climate change mechanisms which might have produced relatively 
localised precipitation within large craters: (a) orographic precipitation and (b) localised 
snow melt.  
Raised crater rim topography could have led to orographic climate effects controlled by 
locally elevated topography around the impact site. If a saturated air mass (of unknown 
origin) was raised as it passed over the primary crater rim, condensation could have occurred 
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locally. However, the MOLA 128ppd elevation map shows that the relief of Mojave Crater’s 
rim is small compared with topography directly around the crater (eg. flood channel scarps, 
other large craters), meaning the observed distribution of fluvial features concentric with 
Mojave’s rim does not fit well with this mechanism. In addition, it is unlikely that craters X, 
Y and Z at distances of ~100 to ~220 km could be affected by this process.    
Alternatively, thick snow-packs, under very specific climate conditions, might have 
developed wherever snow drifting and topography allowed (Christensen, 2003).  Therefore, 
precipitation as snow by a regional or global event(s) may be able to better explain the 
observed distribution, if localised impact-induced heating of the snow pack by is invoked. 
Localised snow melt may have been caused by residual heat from the impact event itself or 
basal melting of a thick snow pack under direct solar insolation (Christensen, 2003). For 
example, Abramov and Kring (2005) predict that a ~45 km diameter impact event could 
create a hydrothermal heating system lasting tens to hundreds of thousands of years, so 
snowfall within this approximate time period could feasibly have been melted. This has been 
suggested as a possible mechanism for formation of an alluvial fan and hydrothermal 
alteration in Majuro crater, Mars (Mangold et al., 2012b). In addition, the mechanism could 
explain features that immediately surround the primary crater, on the continuous ejecta 
blanket, due to the occurrence of distal, impact-related hydrothermal systems or snow-pack 
melting on sun-facing slopes. However, unless this regional snowfall, induced by processes 
that are unrelated to the Mojave impact event, occurred simultaneously to the impact, it is 
difficult to explain how the smaller secondary craters (such as craters Y and Z) developed 
similar catchment-fan systems. In addition, although the fluvial features in crater X could be 
explained due to melting of a snowpack shortly after the formation of the crater (when it was 
hot), it is more difficult to explain why channels continued to form after the Mojave impact 
(given the probable major time gap between primary crater impacts of this size).     
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3.11.2 Impact plume related local atmospheric effects 
It is hypothesised that in the Noachian epoch large impacts may have produced temporary 
steam atmospheres (Segura et al., 2002; Moore et al., 2003; Segura et al., 2008; Toon et al., 
2010). However, whether this could be reproduced more recently is debatable, due to the 
thinner Amazonian atmosphere and lower cratering rate. Additionally, the potential for 
precipitation and particulate fallout on Mars immediately following an impact has also been 
suggested (Kieffer and Simonds, 1980; Melosh, 1991; Kosarev et al., 2002; Reiss et al., 
2008). Kieffer and Simonds (1980) discuss the effect of water vapour within a terrestrial 
impact plume. They suggest that an impact into permafrost (22% by water) would create 1.75 
km
3 
of vapour inside the 400 kbar isobar, which is equivalent to 2100 km
3 
of vapour at 
standard temperature and pressure. The lifetime of a plume is unclear, but is likely short lived 
– perhaps hours to days depending on the impact size. For example, Kosarev et al. (2002) 
state that material ejected within an impact plume would rise to a maximum height and fall 
within ~30 minutes for a projectile of 1-100 m diameter. It is possible that impact plume 
precipitation could be exacerbated if the projectile was a comet (a volatile bearing rock 
body). For example, Zahnle and Colaprete (2004) have calculated that a ~60 km comet could 
produce “uniquely heavy local precipitation on scales comparable to the impact crater”.   
This hypothesised mechanism may therefore have had the potential to deliver localised 
precipitation on the scales observed around Mojave crater, and craters 1 to 5. Although there 
is currently no data on the size of an impact plume for an impact of Mojave’s size, fallout of 
distances on the order of hundreds of kilometres from the crater may be possible, explaining 
the youthful channel features in primary crater X, and also those in secondary craters Y and 
Z. Importantly, the precipitation should be concentrated at the centre of the impact, which 
would explain channel density values that decrease further from the crater. Mojave Crater is 
impacted into an ancient flood channel (Williams and Malin, 2008), which could have been 
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ice-rich at the time of impact, providing a potential water source for this mechanism. 
Additionally, we observe that outside of Mojave Crater, the density of fluvial features is 
greatest in the northwest quadrant. It is possible that this may be due to the plume collapsing 
in that direction, or being subject to a past wind regime that operated in a southwest–
northeast direction (I do note that wind streaks just west of Mojave Crater indicate a 
southeast–northwest direction, but it is very plausible that the current wind direction is 
different to that in the past).        
Whilst the body of evidence strongly supports highly localised precipitation that occurred 
directly after the Mojave impact event, this mechanism alone cannot easily explain why the 
majority of fan formation within crater X occurred prior to the Mojave impact event. It is 
therefore possible that previous fluvial activity within crater X occurred due to: (1) another 
mechanism entirely, or (2) that crater X was also subject to impact-induced impact plume 
effects. The latter explanation is a possibility given that crater X is a relatively large complex 
crater, is in a similar preservation state to Mojave (and is therefore likely Late Hesperian to 
Amazonian in age), and is in a similar location (although I note that crater X is located upon 
highland terrain adjacent to the outflow channel which contains Mojave crater, rather than 
within the channel itself). In addition pre-Mojave crater-age fan formation was extensive 
within crater X, and likely highly localised to this crater. This is in favour of a localised 
impact induced hypothesis, as fluvial activity would be concentrated within crater X.      
3.11.3 Crater lake-storm system 
Using the Mars Regional Atmospheric Modelling System (MRAMS), Kite (2011) simulated 
lake storms on Mars and found that intense localised precipitation as snow might occur for 
intra-crater lakes over 10
3
 km in size. Given inflow of water into Mojave Crater following the 
impact event, a crater lake of this size may have been formed. Modelling of a square crater 
lake of 65 km by 65 km indicates that precipitation as snow might be possible up to ~200 km 
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downwind of the crater, and that this precipitation decreases in intensity rapidly with distance 
(Kite et al., 2011). The mechanism of precipitation would be similar to that discussed in the 
regional climate change, with orography having a large effect and precipitation as snow 
requiring heat (provided in this case by the impact event) to allow melting. Given a dominant 
regional wind direction, precipitation and thus fluvial features might have occurred 
predominantly on a specific crater slope, and in an asymmetric distribution surrounding the 
crater rim.  
For Mojave Crater, and the further five Amazonian craters, I observe dissection all around the 
crater rim, with relatively small variations in the morphology of catchment-fan features 
produced. The evidence also suggests an asymmetric pattern to the distribution of fluvial 
features, with channels to the northeast observed 200 km from Mojave Crater. Newsom et al. 
(1996) suggest that even under current Martian conditions, crater lakes may form given a 
water supply (for example, from a deep aquifer), and persist for a significant time due to heat 
from impact melt sheets. However, I have not any observed morphological evidence for a 
crater lake, which might take the form of (1) subaqueous fans (eg. deltas) if sediment was 
being eroded from catchments at the same time that a lake was present, or (2) a systematic 
cut-off in distribution of alluvial fans, or a change in morphology, with crater depth, that 
might imply an abrupt change in energy or transport conditions.   
3.11.4 Hydrothermal system  
It is possible that a hydrothermal system could have been initiated by an impact into a water 
or ice-rich target. Kinetic energy from the impact transfers to heat energy which is stored in 
three main regions: the central uplift, the shocked rock below the crater, and the impact melt 
sheets (Rathbun and Squyres, 2002). If the impact is into saturated ground, once the impact 
melt has cooled significantly water can flow through and above the impact melt sheet surface. 
Steam is mainly lost from the outer edge of the impact melt sheets, and water flows down and 
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into the crater to resupply this flow (Rathbun and Squyres, 2002). In particular, steam escape 
can occur in the fault blocks of the inner ring ranges (Abramov and Kring, 2005). It is also 
likely that due to this inflow of water a crater-lake would form, either by atmospheric 
precipitation or groundwater recharge.  
In order to produce the distribution of fluvial features observed within and around Mojave 
Crater, (a) hydrothermal fluids would have had to rise to the peaks of ridge crests of the 
intracrater ranges, and (b) hydrothermal activity would have to have occurred out to the 
distances of secondary crater chains (eg. craters Y and Z, at ~120 km from Mojave Crater) or 
to crater X, and it is not clear from the published literature whether current heat flow models 
would allow this. In addition, very limited dissection and fan formation is observed on the 
crater’s central uplift compared to on the intracrater range flanks, which does not fit with this 
model of the central uplift storing much of the heat energy from the impact.  
3.11.5 Which mechanism(s) fit the morphological data?  
The morphological evidence presented shows (a) distinct clustering of fluvial landforms 
within primary craters relative to their surrounding terrains (true for Mojave crater, and 
craters 1 to 5), and (b) that in the case of Mojave crater these landforms become less common 
with distance from the primary crater. This strongly indicates that localised impact induced 
precipitation may have played a significant role in the formation of the observed fluvial 
features. However, the discovery of at least two recent phases of water activity within crater 
X means that any proposed mechanism must also accommodate this new evidence. 
Therefore, after reviewing the models presented above, I favour two main mechanisms:  
(1) Localised impact induced precipitation due to an impact plume related atmospheric 
effects. In addition to causing localised precipitation around Mojave crater, and craters 1 to 5, 
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I suggest that crater X may also have been affected by a separate impact plume induced 
precipitation event.  
After comparing the observations to the hypotheses that might produce localised precipitation 
production, there are only two scenarios which can explain the observed distribution of 
fluvial landforms around Mojave crater: an impact plume related local atmospheric effects, 
and a crater lake-storm system. However, for crater-lake driven precipitation to have been 
possible, a persistent and significantly sized standing body of water in Mojave Crater would 
have been necessary: the lack of evidence for deltaic deposits and transitions in base-level 
characteristics of the catchment-fan systems indicate that this might have been unlikely. 
The issue of timescale is also important: an impact-induced mechanism of precipitation 
delivery should result in a relatively quick timescale of slope dissection and fan building. In 
chapter 2 I noted that arcuate scarps at the toes of range-derived fans are observed (chapter 2, 
Figure 2-23) and that pits superpose RD and IBD fans (Figure 2-24). Williams and Malin 
(2008) suggested several possible mechanisms of scarp formation: mass movement, faulting, 
stream or wave action, and abutment against material that was subsequently removed. I have 
suggested two other possible mechanisms: wind deflation of material with a small clast size, 
or disruption of fan material by the formation of pits in ponded impact melts by degassing of 
volatiles. If the latter, then this has important implications for the timing of fan formation: it 
means that pit formation may have occurred whilst range-derived catchment-fan systems 
were forming. In addition, the fact that pits interrupt the fan toes in several locations provides 
very strong evidence that fan formation was occurring whilst pits were forming. This 
provides strong evidence in favour of a localised and impact-related source of precipitation, 
due to the fact that precipitation must have occurred directly after impact (due to the 
modelled 1 to 100 day timescale of pit formation in impact melts after the impact event 
(Boyce et al., 2012b)).   
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(2)  The development of a regional snowpack which then melted locally as a result of 
impact induced heating. In order for this mechanism to explain the features observed in crater 
X, the snowpack must have been present for long enough to encompass the probable time gap 
between the formation of crater X and Mojave crater.  
3.12 Discussion: implications for climate in the Late Hesperian to Amazonian  
In this study I have described six complex craters located in the equatorial to mid-latitudes of 
Mars, which show very similar patterns of crater wall degradation. Depth-diameter 
relationships, combined with the well-preserved nature of the intracrater ranges and 
sedimentary features indicate a relatively young age. Erosion was likely precipitation-based, 
on the basis of the observed intracrater distributed drainages, and evidence that channels are 
often sourced from ridge crest locations (in at least three examples of the five craters). 
Analysis of CTX imagery at radii of ~250 km around all 5 craters indicates that these craters 
are isolated examples of youthful fluvial activity (apart from possible recent gullying in 
several craters surrounding crater 5). I therefore hypothesise that these craters may have 
experienced localised impact-related precipitation.  
This is supported by what is known from observations of Amazonian-aged terrain. The Late 
Hesperian to Amazonian epoch saw minimal amounts of fluvial activity, impact cratering, 
volcanism and tectonism, and (globally) extremely low rates of erosion and weathering 
(Golombek and Bridges, 2000; Carr and Head, 2010). Outflow channel and fluvial valley 
formation was mainly over by the beginning of the Amazonian epoch, however, rare 
localised examples have been observed at fault created fissures and on volcanic flanks 
(Berman and Hartmann, 2002; Basilevsky et al., 2006; Carr and Head, 2010). Mid-latitude 
gullies are the most common example of features formed by water-erosion in the Amazonian 
epoch. These several hundred metre-long features have debris fans which are sourced from 
theatre-shaped alcoves via single or multiple feeder channels (Malin and Edgett, 2001; 
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Christensen, 2003; Head et al., 2008; Reiss et al., 2008). Glacial activity is thought to have 
played a strong role in their formation, with Amazonian glaciations thought to have occurred 
at latitudes as low as the tropics, due to obliquity cycling (Head and Marchant, 2003; Carr 
and Head, 2010).  
For localised impact-induced hypotheses to have been viable, water must have been 
mobilised from either the target material or the impactor itself. Given the high recurrence 
interval of comets on the scales required to produce the craters in this study (Zahnle and 
Colaprete, 2004), it is unlikely that all six craters were formed by this mechanism. Therefore, 
ice in the target materials may have provided a supply of water. Equatorial to mid-latitude 
ground ice may be stable below a depth of dessication which is on the order of several metres 
(Mellon and Jakosky, 1995; Mellon et al., 1997), and times of obliquity, Mellon and 
Jakowsky (1995) suggest that near-surface ground ice could be stable globally. The presence 
of near-surface ground ice is supported by recent evidence for nonpolar ice-related deposits 
from the tropics (Head and Marchant, 2003) to the mid-latitudes (Lucchitta, 1981; Squyres 
and Carr, 1986; Head et al., 2003; Pierce and Crown, 2003), including parts of the crustal 
dichotomy (Dickson et al., 2008).    
However, the presence of quite significant reservoirs of concentrated ground ice may be 
necessary to obtain the hydrologic activity observed. Globally, crater ejecta morphologies 
have been examined on the basis that certain types of ejecta may have been formed through 
excavation of significant volatiles (eg. Barlow and Perez, 2003; Reiss et al., 2006). 
Specifically, double- and multiple- layered ejecta are thought to have formed due to the 
breach of volatile-rich reservoirs, and these are found concentrated on the northern plains and 
plains-highland boundary (Barlow and Perez, 2003). Clifford (1993) supports this, arguing 
that substantial deposits of stratified ground ice, fluvial, aeolian and volcanic deposits may be 
present on the northern plains even today. However, it is known that the incidence of rampart 
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crater formation has decreased over time, with formation rare after 3.9 Ga, so it is unclear 
how relevant this information is to this study (Reiss et al., 2006).  
It is also thought that below the global cryosphere (which may range from ~2 km at the 
equator, to ~6 km at the poles, in thickness), a groundwater system may persist, and perhaps 
demonstrate interconnectedness (Clifford, 1993). If the cryosphere was breached by an 
impact event, it could be expected that groundwater release might have resulted in significant 
hydrologic activity (Russell and Head, 2002): more so than simply by melting of subsurface 
ground ice. For all six craters, I have compared the modelled cryosphere thickness by latitude 
presented in Clifford (1993) to the depth of excavation expected for each crater according to 
a scaling relationship described in O’Keefe and Ahrens (1993), where 
DEX / D = 0.05         (Eq. 3-2), 
where dEX is depth of excavation and D is diameter. I find that, being the largest craters in the 
study, only crater 1 and Mojave Crater have the necessary excavated depths in order to 
puncture the hypothesised crysopheric thickness (see appendix 7.2.6 for data). Therefore, the 
model by Clifford (1993) does not appear to predict hydrologic activity for the craters in this 
study. It is however notable that, if the model is correct, Mojave Crater would appear to have 
the largest ratio of transient crater depth to modelled cryosphere thickness.    
It is interesting that craters 1 to 5 do have significantly lower drainage densities on the 
primary crater rim than is observed in Mojave Crater, and do not exhibit fluvial landforms 
(that can be determined as being relatively youthful) outside of the primary craters. I 
hypothesise that these variations may be tied to factors such as the abundance of ice in the 
substrate, the type of impactor (a comet versus meteor) and the impact energy, and latitude or 
elevation effects on atmospheric conditions. Although Mojave Crater is the largest crater in 
the study, amongst craters 1 to 5 there is otherwise a trend of decreasing drainage density 
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with crater size (Figure 3-25). Neither elevation or latitude shows any trend with drainage 
density (Figure 3-25), although it should be noted that crater 2 which is at the most southerly 
latitude (-18º) and by far the highest elevation (~1800 m) has the lowest drainage density of 
all (Figure 3-25). On the basis of the small crater population in this study, no correlation 
between latitude, elevation or crater size can be identified. However, five out of the six 
craters are located on, or near the border of, the northern plains of Mars, at mid-low latitudes, 
and at low elevations (craters 1, 3, 4, 5 and Mojave; see Figure 3-3). Notably, two craters are 
located directly on the northern lowlands (craters 1 and 5), and Mojave Crater is located 
within an outflow channel that once would have contained volatile-rich flood sediments. 
These five craters also have the highest drainage densities in the study.  
 
Figure 3-25: Graphs showing crater rim drainage density as compared to the following 
variables: crater size, latitude, and elevation. R² values (linear regression) for each graph 
are 0.2, 0 and 0.1, respectively.  Possible sources of error in calculating the drainage density 
for each crater include: (1) The delineation of the area of topographic ranges. This is 
crucial, as the drainage density result will be underestimated if areas that are not part of a 
drainage basin are included in the calculation. I was thus careful to only map areas which 
were obviously parts of a range. In addition, I was consistent between craters in my 
definition of a range, allowing comparisons between craters to be meaningful. (2) User error 
in defining drainage lines within mapped areas. Firstly, channel recognition is not always 
simple – linear patterns that may be the result of boulder trails or scree slope mass 
movements may imitate water carved channels. Therefore I was careful to only map features 
which were part of a “tributary” like formation. Secondly, certain craters eg. Mojave have a 
very high density of narrow channels that are too numerous to map. Therefore I restricted 
mapping to channels of 5 m or wider – this will create a systematic underestimate of 
drainage density in all craters, but still allow results to be comparable within the study. This 
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method also avoided the issue of resolution bias owing to differences in quality of the HiRISE 
images.  
3.13 Conclusion 
Mapping within a ~300 km radius around Mojave crater confirms that observations of 
relatively youthful fluvial features become less common with distance from the primary 
crater. Density maps show a high density of channels, catchments and fans within Mojave 
crater and its primary ejecta blanket, and also in two other areas to the northwest (~120 km 
from Mojave) and northeast (~220 km) of Mojave crater. To the northwest, fluvial features 
are present within craters Y and Z that are very likely to be secondary impacts from the 
Mojave impact event, and therefore Mojave-age or younger. To the northeast, fluvial features 
are present within the ~10 km crater X that is well-preserved, and likely to be Late Hesperian 
to Amazonian in age, but pre-dates the Mojave impact. Crater X preserves evidence of two 
climate events, shown by cross-cutting relationships between channels and small secondary 
impact from Mojave crater. The majority of catchment-fan systems within crater X formed 
before the Mojave impact event. So, although youthful fluvial features become rarer further 
from Mojave crater, indicating localisation of climate processes, there is strong evidence that 
youthful fluvial features have been formed in at least two episodes.  
Based upon mapping and analysis of fluvial features around Mojave crater, I suggest two 
possible mechanisms for the creation of the fluvial features: 
(1) Localised impact induced precipitation due to impact plume related atmospheric 
effects. In addition to causing localised precipitation around Mojave crater, I suggest that 
crater X may also have been affected by the same process, but earlier on in the Late 
Hesperian to Amazonian. Crater X may have then experienced some remobilisation of 
sediments during the Mojave crater event.  
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(2) The development of a regional snowpack which then melted locally as a result of 
impact induced heating. In order for this mechanism to explain the features observed in crater 
X, the snowpack must have been present for long enough to encompass the probable time gap 
between the formation of crater X and Mojave crater.  
These scenarios support the observation that catchment-fan systems in Mojave started to form 
early on in the craters history, when intermontane basin sediments were still able to form pits.  
Analysis of channels, catchments and fans within five additional Late Hesperian to 
Amazonian-age craters shows that these also contain distributed drainage systems with 
varying drainage densities. The terrains surrounding these craters (up to a distance of ~250 
km radius) also show minimal evidence for fluvial activity which may be of comparable age 
(or younger) to the primary craters – they show less evidence for fluvial activity than 
surrounds Mojave crater.  I suggest that either of the two mechanisms presented above could 
also explain the similar features observed within craters 1 to 5.  
If localised impact plume related precipitation occurred, then localised volatiles are required 
in order to produce precipitation, and the source of these is most likely to be from ice already 
sequestered in the sub-surface. It is thus likely that variations in drainage density within the 
six craters may be tied to the abundance of ice in the substrate, the energy of the impactor, 
latitude, and local atmospheric conditions. The relative timing of impact events within the 
Amazonian (for instance, when ice started to sequester deeper into the ground) may have also 
played a role. However, I could not find a correlation between any of these variables and the 
drainage density variations observed within this crater cohort. I note however that the five out 
of the six craters are located on, or near the border of, the northern plains of Mars, at mid-low 
latitudes, and at low elevations. The possibility of excavation of large amounts of ground 
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water or ice in the Late Hesperian to Amazonian has significance for our understanding of the 
thickness and extent of the global cryosphere on Mars today.   
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4.1 Introduction 
Eberswalde crater (326.5ºE, 24.3ºS) contains six exhumed and inverted sedimentary deposits 
(Malin and Edgett, 2003; Rice et al., 2011; Rice et al., 2012), two of which are particularly 
complex and well preserved and are the subject of chapters 4 and 5. Eberswalde crater is 
located northeast of Holden crater, and is part of a proposed fluvial network of valleys and 
impact craters which connect Argyre Basin with Ares Vallis (Grant and Parker, 2002; Rice et 
al., 2012). Immediately to the west of Eberswalde crater, a contributing basin of around 4800 
km
2
 (Bhattacharya et al., 2005) is linked to the apex of the largest deposit within Eberswalde 
crater by a single wide incised channel. Further isolated incised channels also enter the 
Eberswalde basin at alternate locations within the west of the basin, and are associated with 
the remaining sedimentary deposits.  
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The largest sedimentary deposit (located close to the western rim of the crater) measures ~13 
km by ~11 km, and consists of multiple units of thick (up to ~100 m in height) layered 
sedimentary rocks topped with sinuous cross-cutting ridges (Malin and Edgett, 2003). These 
ridges have been interpreted as either fluvial channels on an alluvial fan (Jerolmack et al., 
2004) or a lacustrine fan delta (Malin and Edgett, 2003; Moore et al., 2003; Bhattacharya et 
al., 2005; Lewis and Aharonson, 2006; Wood, 2006; Pondrelli et al., 2008; Pondrelli et al., 
2011; Rice et al., 2011; Rice et al., 2012). Alternatively, Kraal and Postma (2008) 
hypothesise that the concentric channel-shaped bodies may have actually formed via a series 
of debris flow events. The planform evolution of these sinuous ridges is investigated in 
chapter 5 of this thesis. The second largest sedimentary deposit (located close to the 
southwest rim of the crater) measures ~7 km by ~2.5 km, and is investigated in this chapter. 
It also consists of multiple units of layered sedimentary material, but contains fewer sinuous 
ridges. The remaining four smaller and relatively poorly preserved deposits are also located 
in the western half of the crater within several kilometres of the west and southwest deposits.  
Assessments of fan building timescales, and the source of the water that transported the 
sediment, has been debated. For example, Jerolmack et al. (2004) estimated a timescale of 
~100 years for an alluvial fan scenario versus an estimate by Bhattachyra et al. (2005) of  
~10
5
 years within a fluvio-deltaic scenario. Furthermore, there is much debate over whether a 
proposed Eberswalde lake may have been long-lived and stable (eg. Wood, 2006), or 
punctuated by dry periods (Lewis and Aharonson, 2006). Various sources of runoff have 
been proposed by Bhattacharya et al. (2003) including impact induced climate optimum, 
longer term rainfall, groundwater discharge, whilst Mangold et al. (2012) prefers a scenario 
of snow or ground-ice melting immediately following the nearby Holden impact event (the 
ejecta of which part superimposes Eberswalde’s crater rim).  
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Rice et al. (2011; 2012) mapped and interpreted ten facies within the crater, and constructed 
an approximate timeline of events within the crater, based around an intracrater lake scenario. 
The authors separated the facies into pre-fluvio-deltaic bedrock/infill, fluvio-deltaic infill, and 
post- fluvio-deltaic infill. The pre-fluvio-deltaic facies include megabreccias (allochthonous 
and/or parautochthonous) that were deposited on the floor of Eberswalde crater during the 
Holden impact event, and rocks with a pitted morphology, which are putatively interpreted as 
impact melt sheets from either the Holden or Eberswalde impact events (these might be 
similar to the rocks described in chapter 2 which infill the intermontane basins in Mojave 
crater). Extensive light-toned, knobby, layered and/or fractured units that are preserved along 
the margins of the crater close to the six deposits are interpreted as sedimentary rocks 
deposited in a fluvio-deltaic setting. After the period of lacustrine activity, exhumation of the 
crater floor material then led to partial erosion of the sedimentary deposits. Subsequent to 
this, or simultaneously, an airfall mantle part obscured many of the facies, significantly 
altering the textures and albedos of many of the deposits and making interpretation more 
difficult (Rice et al., 2011; 2012).  
This study presents the first detailed study of the sedimentology and stratal architecture of the 
southwest sedimentary deposit located within Eberswalde crater. This deposit has been 
chosen because it shows many three-dimensional exposures of stratal units (unlike the 
western deposit which has undergone less erosion), and contains the full range of 
stratigraphic contacts between the crater basement unit and sedimentary facies identified by 
Rice et al. (2011; 2012). The facies descriptions and analysis of stratal units presented in this 
chapter therefore build upon those in Rice et al. (2011; 2012). The major aims of the study 
are to (a) identify, map and describe facies in and surrounding the southwest deposit, (b) 
identify stratal units representing sediment packages that are distinguishable on the basis of 
location, facies architecture and presence of erosional surfaces, (c) reconstruct the three-
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dimensional facies architecture, and (d) identify possible controls on stratigraphic 
architecture of the southwest deposit. To carry out this study I used MRO High Resolution 
Imaging Science Experiment (HiRISE) (~25 cm pixel
-1
) and Context Camera (CTX) (~6 m 
pixel
-1
) images, and HiRISE digital terrain models (DTMs) of ~1 m grid spacing that were 
observed upon a three-dimensional viewing platform (full DTM coverage of the southwest 
deposit is available).  
4.2 Geologic setting and chronology 
4.2.1 Crater overview 
Eberswalde crater is a ~65 km diameter northeast-southwest trending quasi-circular impact 
crater located in Margeritifer Terra, Mars (Figure 4-1A). To the southwest of Eberswalde is 
Holden crater, a ~140 km diameter basin (Figure 4-1A). This is part of the Uzboi-Ladon-
Morava system of valleys and impact craters, which may have once operated as a fluvial 
network of basins (Grant and Parker, 2002; Grant et al., 2011; Rice et al., 2012). Eberswalde 
crater is part superimposed on its southwestern half by Holden impact crater and its 
continuous ejecta blanket, indicating that Eberswalde is relatively older in age.  
The catchment(s) which are thought to have sourced the fluvio-deltaic deposits are located to 
the west of Eberswalde crater (Figure 4-2). Published works on the drainage basin suggests 
that snow or ground-ice melt following the Holden impact event may have led to the 
discharge of water which sourced the deposits (Mangold et al., 2012). However, it is 
noteworthy that the channels within the drainage basin are commonly sourced from ridge 
crests, such as the rim of a crater which superposes ejecta from Holden crater (Figure 4-2). 
This may invoke precipitation as a possible mechanism, rather than ground-ice or water 
discharge, but has not yet been subject to detailed investigation.  
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Figure 4-1: (A) THEMIS (Thermal Emission Imaging System) daytime infrared mosaic from 
JMARS showing location of Eberswalde Crater with Holden Crater superimposed on its 
southern rim. Approximate drainage basin is outlined in white. Box shows location of close-
up in (B). (B) CTX mosaic showing Eberswalde crater. Pink shading and labels indicate 
locations of six sedimentary systems identified by Rice et al., (2011). This analysis 
concentrates on the southwest (labelled SW) system.   
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Figure 4-2: This figure is presented from unpublished work (Warner and Grindrod, personal 
communication). It shows a CTX image with CTX DTM overlay. Drainage channels as 
mapped using Arc Hydro Tools using the CTX DTMs are shown in blue, and these have also 
been confirmed visually. Black box shows location of drainage channel which sources the 
southwest deposit.   
 
Using profiles from Mars Orbiter Laser Altimeter (MOLA), Rice et al. (2011) identified the 
major topographic trends within Eberswalde crater (see Figure 1 in Rice et al., 2011). A 
topographic central high of ~100 to ~300 m separates two sub-basin lows, termed the 
“western basin” and the “eastern basin”. The six fluvio-deltaic systems identified by Rice et 
al. (2012) are located in the western sub-basin (Figure 4-1B). 233 NNE-trending linear scarps 
have also been identified in the crater, interpreted as slip-dip faults (Rice et al., 2011). This 
led the authors to conclude that prior to formation of the sedimentary systems, Eberswalde 
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crater underwent extensive faulting. This faulting therefore exerted an influence over the 
spatial distribution of the sedimentary systems (Rice et al., 2011; 2012).   
4.2.2 Chronology 
Rice et al. (2012) carried out crater counts within Eberswalde crater on craters with diameters 
(D) > 100 m. For the D > 700 m population, they obtained an Early Hesperian crater retention 
age (3.5 Ga) using the Hartmann (2005) age system. They hypothesise that this crater 
population could represent either impacts that formed within the primary floor of Eberswalde 
crater, or impacts that formed on top of crater fill material (likely to be Holden ejecta). This 
data indicates that Eberswalde crater formed prior to the Early Hesperian, and that Holden 
crater formed in the Early Hesperian to Late Hesperian. Therefore, the sedimentary systems 
situated within Eberswalde crater are constrained to being younger than Early Hesperian in 
age.  
In addition, using crater statistics, Grant and Wilson (2011) found that fan deposits in Holden 
crater and the west sedimentary deposit in Eberswalde date as 1.5 to 2 billion years old, and 1 
billion years old, respectively, suggesting that a more recent period of water activity may 
have occurred in this region of Mars. However, for Holden and Eberswalde, the total craters 
they have counted and area included in the counts is low (necessarily, due to the limited size 
of the deposit), at 105 craters and 104 km
2
, respectively, possibly leading to underestimation 
of the surface age due to the probability of missing larger craters (eg. Fassett and Head, 
2011).          
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4.3 Data and methods 
4.3.1 Image and topography datasets 
HiRISE DTMS and orthoimages at ~1 m grid spacing and ~25 cm pix
-1
, respectively, were 
utilised for the analyses completed in this study. These data were downloaded from the 
NASA HiRISE web resource (relative accuracy is in the tens of centimetres), and displayed 
within the remote sensing and GIS software packages ArcMap (for mapping), Fledermaus 
(for three-dimensional visualisation), and Orion (for dip and strike measurements). A CTX 
DTM and orthoimage at ~18 m grid spacing and ~6 m pix
-1
, respectively, were also used for 
analysis of larger scale topographic features. This DTM was created by Jung-Rack Kim using 
the methods outlined in appendix 7.1.1 and Kim and Muller (2009) and Kim et al. (2012).  
4.3.2 Mapping of facies 
Rice et al. (2012) identified and mapped the distribution of ten photo-stratigraphic facies 
within Eberswalde crater based upon HiRISE, CTX, and MOC imagery (Figure 4-3). See 
appendix 7.3.1 for full description and interpretation by Rice et al. (2012) for each of these 
facies. The facies mapped in this project are based upon those identified by Rice et al. (2012). 
However, several of the “pre-fluvio-deltaic” facies (orthogonally fractured, ridge-forming) 
are not assigned here because they are not observed within the areas mapped in this project. 
Where possible, I utilised similar facies nomenclature as in Rice et al. (2012), apart from the 
light-toned hollowed (LH) facies, and light-toned (LT) facies, which are new to this study.   
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Figure 4-3: Ten facies mapped within the Eberswalde crater. Figure is reproduced from Rice 
et al. (2012). The authors interpret (a) the massive basal, orthogonally fractured, brecciated, 
pitted, ridge-forming and knobby facies as pre-fluvio-deltaic, (b) the fractured and layered 
facies are interpreted as forming the fluvio-deltaic structures, and (c) the mantling and dark-
toned bedforms facies are interpreted as post-fluvio-deltaic.  
 
In mapping, I adopted the same methods as Rice et al. (2012), but employed at a smaller-
scale. A facies was defined as a “sheetlike, wedgelike, or tabular body of rock that underlies 
the surface (or unconsolidated material on the surface) and exhibits consistent features that 
can be identified in orbital images” (Rice et al., 2012). Mapping relied upon identification of 
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contacts between these facies, and terrain continuously enclosed by a contact was then 
interpreted to belong to one facies.  
4.3.3 Analysis of the architecture of stratal units 
In order to reconstruct the stratigraphic architecture of the stratal units (SUs) which compose 
the southwest sedimentary system, I carried out the following tasks. Firstly, I distinguished 
between SUs on the basis of location (eg., are deposits separated from the rest of the system), 
and morphology (eg., varying textures present on the top surface of the SU). Secondly, I 
documented the facies present along transects which run perpendicular to the long axis of 
each SU (see appendix 7.3.2 for image showing transect locations, and raw transect data). 
This allowed me to determine the thickness of the facies thought to be sedimentary in origin 
(fractured layered, fractured and light-toned facies), above the probable basement unit (pitted 
facies). This data was then plotted under topographic long profiles taken down the 
approximate centrelines of each SU, in order to reconstruct the subsurface architecture of 
each SU. It should be noted that it is not possible to determine the subsurface contacts 
between SUs, and so thickness of packages may actually therefore comprise multiple stacked 
SUs. Additionally, to reconstruct how SU thickness varies across the southwest sedimentary 
system (in the northwest to southeast direction), I took 12 transects oriented northwest to 
southeast at regular intervals, again documenting the facies present.  
4.3.4 Dip and strike measurements 
I computed the structural attitude (dip and strike) of strata from satellite imagery (HiRISE 
resolution DTM and orthoimage) using Orion software, produced by Pangea Scientific. Using 
three or more selected points along a geological contact, the program computes a best-fit 
plane through the points and shows fitting statistics with confidence limits. Points can be 
added, deleted or moved until the user is satisfied that the best fit plane is obtained. Orion can 
then plot the results on the image as a strike/dip symbol.   
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4.4 General morphology of southwest deposit 
The southwest deposit is located near the southwest edge of the Eberswalde basin (Figure 
4-1B), occupying an elevation range of approximately -1330 m to -1500 m (Figure 4-4). This 
is similar to the elevation range occupied by the main western deposit at -1330 m to -1450 m. 
It is ~7200 m long and ~2500 m wide, and elongate with the long axis oriented southwest-
northeast (Figure 4-6A). The source of the system is a relatively short ~500 m wide incised 
channel (described in section 4.7.10) that runs from outside the crater rim on the southwest 
edge to the most proximal part of the deposit. This channel is indicated in Figure 4-2. It 
begins abruptly and does not appear to drain a ridge crest location in its current preservation 
state.   
 
Figure 4-4: Colour-shaded DTM overlain by HIRISE image. DTM was produced by NASA.   
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The region comprising and directly surrounding the southwest deposit is relatively well 
exposed. The top of the sedimentary deposit is covered by a very thin mantle over the 
majority of its surface; however, strata and ribbon-shaped sediment bodies are revealed 
through the mantle, allowing mapping and interpretation of these features. Thicker mantle 
facies cover a significant proportion of the facies surrounding the southwest system.  
4.5 Facies descriptions and stratigraphic framework 
Here, the facies observed comprising and surrounding the southwest deposit are mapped and 
described in detail. Table 4-1 provides a summary of facies descriptions. Figure 4-6 shows 
the distribution of facies on a map. The locations of Figures 7 to 13 are shown on Figure 4-
5A.  
Facies 
code 
Facies Description Geometry Contact 
relationships 
B Brecciated Massive; medium to 
dark toned; blocky; 
ridge and cliff 
forming; can be cut by 
veins < 5 m wide; 
some areas (youngest 
lobe outcrop) have 
megaclasts encased in 
finer grained matrix. 
See Rice et al. (2012) 
for differentiation 
between breccia types 
and crater wide 
mapping.  
>100 m of relief; 
outcrops through 
sedimentary strata as 
a block.   
Grades into P. 
Underlies FL, F, M.   
P Pitted Massive; light toned; 
non-layered; non-
fractured; scalloped 
appearance (irregular 
hollows up to 40 m 
diameter); sometimes 
cut by vein-like 
Less relief than A1; 
occurs at lower 
elevations than A1; 
basal facies; areally 
extensive over much 
of the crater.  
Overlain by LH, F, 
FL, LT, and M. 
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Facies 
code 
Facies Description Geometry Contact 
relationships 
features; surface clasts 
up to 4 m diameter. 
Gradational 
relationship between 
this unit and the 
brecciated unit.  
LH Light-
toned 
hollowed 
Light toned; non-
layered?; pitted, light 
toned rings; fractured 
or non-fractured.  
Not areally extensive; 
thin layer < 2 m 
thick?  
Overlies P; Overlain 
by F, FL, LT, M. 
This facies may 
represent a 
weathering pattern, 
where F, FL, LT 
facies are eroded, 
revealing P beneath; 
When unit is 
fractured, it is 
generally close to F 
and FL facies.  
K Knobby Isolated knobs of rock 
spaced ~10 to ~30 m 
apart and < 50 m 
diameter. Clast 
forming. Mantled flat-
topped mesas present 
within knobby terrain.   
Areally extensive 
away from deposit 
margins. Note: not 
mapped in this study 
as far away from 
system.  
Grades into P and F. 
Overlain by M.  
F Fractured, 
non-
layered 
Light toned; non-
layered; polygonally 
fractured; occurs as 
extensive deposits; 
boulder shedding/clast 
forming; fracture 
spacing ranges from < 
1 m to ~30 m.   
Areally extensive 
away from deposit 
margins; difficult to 
ascertain thickness 
measurements. 
Overlies P; Unclear 
whether it 
overlies/grades 
into/is overlain by 
LH and LT; Overlain 
by FL and M.  
FL Fractured, 
layered 
Light toned; layered; 
polygonally fractured; 
occurs extensively 
within delta formation 
margins or as isolated 
Thick deposits up to 
80 m relief; individual 
layers are < 10 m in 
thickness. 
Overlies B, P, LH, 
and F. Overlain by 
M.  
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Facies 
code 
Facies Description Geometry Contact 
relationships 
mesas; clast forming; 
fracture spacing 
ranges from < 1 m to 
~30 m; layers vary in 
fracture spacing and 
degree of boulder 
shedding. 
LT Light 
toned 
Light toned; layered 
or non-layered; non-
fractured; non clast 
forming.  
Less areally 
extensive/exposed 
than fractured facies; 
occurs in layers 
within delta formation 
(exposed only at 
margins) and in 
patches adjacent to F.  
Overlies P. 
Frequently observed 
adjacent to LH, 
unclear if it over or 
underlies this facies. 
Overlain by FL and 
M. 
M Mantle Medium to dark 
toned; grades into 
linear bedforms; 
preserves small 
craters. Overlain by 
dark toned dunes that 
may have been more 
recently active (non-
crater preserving).  
Found on top of 
sedimentary 
formations and 
throughout basin on 
floor; thin layer that is 
often eroded through 
to view facies below.   
Overlies all facies.   
Table 4-1: Descriptions of each facies represented in the southwest deposit. 
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Figure 4-5: (A) Introductory map showing locations of Figures 4-7 to 4-13. (B) Map showing 
location of overall study area. (C) Introductory map showing locations of Figures 4-23 to 4-35.  
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Figure 4-6: (A) HiRISE image showing the unmapped southwest deposit. (B) Mapping of the 
facies comprising and surrounding the southwest deposit. Transect locations used in section 
4.6 shown.  
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4.5.1 Brecciated facies (B) 
This facies corresponds to the brecciated unit mapped by Rice et al. (2012) and outcrops 
extensively near the western edge of the Eberswalde basin, close to both the largest western 
sedimentary system, and the southwest system (Figure 4-3). It outcrops ~500 m northwest of 
the southwest deposit (coloured brown, Figure 4-6). Facies B is massive, and outcrops as 
irregular shaped blocks that are up to ~150 m in relief. It has irregular topography, can be 
ridge forming, and in places contains light toned veins that are less erodible than the 
surrounding rock. In addition, large (~100 m diameter) knobs are imposed on the tops of the 
ridge topography. Clasts of up to 6 m diameter are commonly observed on the lower surfaces 
of this facies, indicating that the facies can be clast forming, or that a lag has been formed 
from an overlying facies that has subsequently been eroded away. Rice et al. (2012) interpret 
the brecciated facies as megabreccia derived from impact events, for example the Holden 
crater impact event.  
4.5.2 Massive pitted facies (P) 
Facies P is the same as the “pitted” unit described in Rice et al. (2012), and Figure 4-3 and 
Figure 4-6 show the extent of this facies within the Eberswalde basin. Where coherent 
successions of facies are observed, facies P always forms the basal facies present below 
successions of fractured and light-toned facies. The facies has a pitted appearance consisting 
of highly distinctive hollows (Figure 4-7). Topographically, the facies tends to be irregular 
and ridge-forming. No layering is observed. The pits are irregular in shape and less than 40 m 
in diameter, with the majority being smaller than ~10 m in diameter. Distinctive light toned 
veins frequently cross cut the pitted facies. Rice et al. (2012) interpret this facies as either (1) 
heterogeneous erosion of an ancient surface that is saturated with impact craters, (2) the 
pitted surface of an impact melt sheet such as the one inside Mojave crater (see Tornabene et 
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al. 2012; Williams and Malin et al., 2008 for examples), or (3) the eroded remains of the 
matrix composing the brecciated unit, with the megaclasts removed.   
 
Figure 4-7: (A) Facies P is outlined in black. Facies FR (described in section 5.5) surrounds 
facies P in this location. (B) Facies LH. Note that the facies is usually adjacent to facies P.  
 
4.5.3 Knobby facies (K) 
Facies K occurs in the west-central region of Eberswalde crater (as mapped by Rice et al., 
2012, see Figure 4-3). It does not outcrop adjacent to the southwest sedimentary deposit, but 
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instead a large outcrop is located ~1.5 km northeast of stratal unit 10 (the easternmost unit) 
(Figure 4-6). The facies consists of clast-forming isolated knobs of rock which are usually 
less than ~50 m in diameter, and spaced anywhere from ~10 to ~30 m apart. In addition, 
isolated flat-topped mesas are present in some locations, measuring < 100 m in diameter.    
4.5.4 Light-toned hollowed facies (LH)  
Facies LH occurs only in isolated locations surrounding the southwest system (Figure 4-6), 
and is not represented in mapping by Rice et al. (2012). The facies has a similar structure to 
facies P, being composed of quasi-circular pits or hollows (Figure 4-7B). These pits are 
similar to those in facies P in diameter. But crucially, much wider light-toned and high-
albedo surfaces make up the rims of the pits in this facies, making the two facies significantly 
different in appearance. In addition, this facies can present with or without a heavily fractured 
appearance to the pit rims.  
4.5.5 Non-layered fractured facies (F) 
The facies consists of a light-toned rock which is sub-polygonally fractured (Figure 4-8). The 
polygonal fractures range in diameter from < 1 m to ~30 m. The facies forms extensive 
deposits of a low gradient (ie. they do not form thick stacks, or have scarp forming 
topography), and no obvious layering can be observed. This facies occurs extensively 
surrounding the southwest sedimentary system, extending many kilometres beyond the steep 
margins into the Eberswalde basin (Figure 4-3 and Figure 4-6).  
4.5.6 Light toned facies (LT) 
This facies is light-toned, smooth, has zero to very few fractures, and is non-clast-forming 
(Figure 4-8). It is generally observed adjacent to facies F, where it outcrops as extensive flat-
lying deposits (Figure 4-8). The facies is not mapped as a separate facies by Rice et al. 
(2012), but is instead included within the definition of the fractured facies.   
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Figure 4-8: (A) Sub-polygonally fractured non-layered (F) facies. Note the juxtaposition with 
both light-tone (LT) facies. (B) Close-up image showing facies F and LT.   
 
  
231 
 
4.5.7 Layered fractured facies (FL) 
This facies is light-toned, sub-polygonally fractured and clast forming. It forms the main 
bodies of the stratal units (SUs) in this study. It is therefore exposed extensively in vertical 
exposures at the steep margins of the SUs (Figure 4-6 and Figure 4-9). In addition, it can be 
observed on the top of the SUs, showing through mantling material. The fractured layered 
packages vary in thickness, forming stacks of layered rock ~80 m in thickness in some 
locations, while pinching out in others to < 10 m. Individual layers range from < 1 m to ~10 
m in thickness. The spacing of sub-polygonal fractures varies from < 1 m to ~30 m. The 
facies is clast forming, and lags are observed at the edges of outcrops. This facies is mapped 
in Rice et al. (2012) as the layered light-toned unit (Figure 4-3). 
 
Figure 4-9: Sub-polygonally fractured layered (FL) facies exposed at the side of a cliff 
forming unit. Mantle facies labelled M.  
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4.5.8 Mantling facies (M) 
This medium to dark toned smooth facies overlies all other facies. It retains small impact 
craters, indicating at least partial lithification, and has small dunes present on its surface that 
are darker in tone. Where facies M occurs directly on top of the southwest sedimentary 
deposit it is thin and discontinuous, revealing exposed layers of facies FL (Figure 4-9). The 
fractured facies is weathered into clasts at these locations, forming a lag which can be 
observed through the mantle, or which lies on top of the neighbouring mantle. 
4.6 Stratigraphic framework of facies 
I explore the vertical and horizontal distribution of each facies, in order to explore whether 
consistently repeating stratigraphic patterns are observed across the southwest deposit. To 
achieve this I present: (1) Topographic transects taken at three points across the southwest 
deposit. On these transects, the spatial distribution of each facies type is recorded, in order to 
explore whether a consistently repeating stratigraphy is observed; (2) The morphology of the 
contacts between facies, in order to determine the relative stratigraphic relationships.  
4.6.1 Transect data 
Transects combined with observations of contacts between different facies have been used to 
construct a simplified stratigraphy for facies comprising the southwest deposit. The locations 
of transects A, B and C are illustrated on Figure 4-6.  
Data are shown in Figure 4-10 and shows a consistent repeating stratigraphy. Facies P 
generally appears at the lowest elevations upon each transect. However, it is also observed 
emerging through facies F and LT at higher elevations, indicating that it always underlies 
these facies where contacts are observed. In addition, the topography of facies P is highly 
varied - for instance on transect C facies P outcrops at an elevation of -1390 m on the 
southeast edge of the southwest deposit, and also at -1450 m on the northwest edge (Figure 
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4-10C). Facies LT and F commonly directly overly facies P – for example see transect B at 
600 m (Figure 4-10A, B). Facies FL is observed directly overlying facies P in many locations 
on all transects. Facies FL also commonly overlies facies F and LT. Facies M is observed on 
the surfaces of all other facies.  
4.6.2 Contact relationships between facies 
Facies P underlies, and never overlies, the fractured facies of FL and F, and facies LT. For 
example, facies FL directly overlies facies P at the base of multiple cliff-forming margins of 
outcrops of FL. The layers of FL can be observed draping the unlayered facies P beneath, 
which usually has a very uneven topography (Figure 4-11). Facies F is also observed 
overlying facies P, where the extensive low gradient deposits of facies F meet facies P. This 
is clearly indicated because facies P is commonly observed with a very thin lag of facies F on 
its upper surface (Figure 4-12). Facies LT is also observed clearly overlying facies P. In these 
locations facies LT appears to be flat and sheet-like, revealing facies P at a slightly lower 
elevation beneath in isolated places (Figure 4-12B).  
Facies FL, F and LT commonly occur adjacent to one another. In all cases, facies FL occurs 
at the highest elevations, and overlies facies F and LT. The contact relationship between F 
and LT is less clear however. This is because both facies tend to outcrop at lower elevations 
in extensive exposures of a low gradient. The contacts observed are complex. In some cases, 
facies LT appears to overlie facies F as it is present adjacent but at a slightly higher elevation 
eg., by ~1 m (however, this is right at the limit of the DTM resolution). In other cases, facies 
F appears to overlie facies LT, with facies LT having a thin non-continuous lag of fractured 
clasts on its upper surface (Figure 4-13).  
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Figure 4-10: (A) Transect a - a’. (B) Transect b - b’. (C) Transect c - c’. Locations of 
transects shown in Figure 4-6B.  
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Figure 4-11: (A) Layers of facies FL overlying facies P beneath. (B) Layers of facies FL 
overlying facies P. Note that facies P is uneven, and has pits and light-toned veins.   
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Figure 4-12: (A) Facies F overlying facies P. Note that in places pits can be observed 
through facies F (see black arrow for example) and a lag of clasts is situated around the pit. 
(B) Facies LT overlying facies P.  
 
The contact relationship between facies LH (the light-toned hollowed facies) and other facies 
is unclear. Facies LH always occurs adjacent to either facies LT, P or both. I observe that 
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facies LT overlies facies LH in places, that the hollows of facies LH have wide rims of light-
toned smooth material upon them (Figure 4-7). Where facies LH is present adjacent to facies 
P, it is unclear which is present at a higher elevation due to the limit of the resolution of the 
DTM.  
 
Figure 4-13: Contact between facies F and LT. It is unclear which facies is stratigraphically 
higher up in the sequence.  
 
4.6.3 Interpretation of facies stratigraphy 
Figure 4-14 shows a stratigraphic framework for the southwest deposit based upon the above 
data. Facies P underlies all other facies (apart from B, which is not commonly observed in the 
study area), and is interpreted as being the primary basement unit upon which the overlying 
sedimentary facies were deposited. The exact relationship between facies LT and F remains 
unclear. However, the similarity in morphology and proximity between facies FL, F and LT 
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(layered or relatively flat lying, fractured or occasionally fractured, relatively light-toned in 
appearance) suggests that they may be related in some manner, or created by a similar 
process. I suggest that facies LH may be a weathering product of facies LT and P: the distinct 
light-toned rims of the hollows may be produced by erosion of facies LT to reveal underlying 
pits of facies P.  
 
Figure 4-14: Schematic showing the simplified stratigraphy of the southwest deposit. The 
contact between fractured (F) and light toned (LT) facies.  
 
4.7 Stratal units (SUs) 
In order to describe the stratal architecture of the southwest sedimentary deposit, I have 
divided it up into stratal units (SUs) 1 to 10 (Figure 4-15 and Table 4-2). I describe:  
(1) The general morphology of each SU, including the spatial variation of surrounding facies. 
To do this I have described the location, orientation and shape of the SU, and the distribution 
of each neighbouring facies.  
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(2) The stratigraphic architecture of each SU. Figure 4-16 shows a two-dimensional 
representation of each SU, showing a simplified reconstructed architecture beneath a 
topographic long profile taken down the centerline of the SU. The start location (eg. Distance 
along axis X of Figure 4-16A is the straight line distance from the proximal part of the 
southwest deposit (white dot, Figure 4-15) to the nearest part of the SU in question. Figure 
4-17, Figure 4-18, Figure 4-19, Figure 4-20 and Figure 4-21 show the architecture 
represented in Figure 4-16 in more detail, and record the dips of selected layers within the 
SUs. Figure 4-22 shows a simplified reconstructed architecture showing the variation in FL 
thickness across twelve transects oriented perpendicular to the long axis of the southwest 
deposit.   
 
 
Figure 4-15: Outlines of each stratal unit (SU). 
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Figure 4-16: Two  
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Figure 4-17:  
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Figure 4-18: Detail of SUs 3 to 5.  
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Figure 4-19: Detail of SU6 and SU7.  
 
 
Figure 4-20: Detail of SU9.  
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Figure 4-21: Detail of SU8 and SU10.  
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Figure 4-22: (A) Reconstructed architecture showing the variation in facies thickness across 
12 transects oriented in a northwest – southeast direction (perpendicular to the long axis of 
the southwest deposit). (B) Transect locations.  
 
SU 
number 
Length 
(km) 
Maximum width 
(km) 
Shape  Thickness 
range of facies 
FL (m) 
Gradient of 
SU top 
(degrees) 
1 ~1.4 ~0.6 (individual 
ribbon bodies are 
~0.1 km wide) 
Ribbon  < 5   ~0.5 
2 ~1.2 ~0.6 Lobate  ~7 to 12   ~1.2 
3 ~0.5 ~0.12 Ribbon ~8  ~1 
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SU 
number 
Length 
(km) 
Maximum width 
(km) 
Shape  Thickness 
range of facies 
FL (m) 
Gradient of 
SU top 
(degrees) 
4 ~1.2 ~0.72 Lobate  ~8 to <25 ~1.3 
5 ~1 ~0.7 Lobate ~12 to ~15 ~1.7 
6 ~0.5 ~0.3 Lobate shape, 
with ribbon 
feature on top 
~10 to ~15  ~1.3 
7 ~0.55 ~0.25 Ribbon and 
lobate 
~8 to ~15 ~0.4 
8 ~1.2 ~0.6 Ribbon and 
lobate 
~12 to ~25 ~0.8 
9 ~0.45 ~0.4 Ribbon and 
lobate 
~20 to ~35 ~0.6 
10 ~2.9 ~0.1 Ribbon ~5 to ~10 ~0.7 
Table 4-2: Variables describing each stratal unit: dimensions, gradient and approximate 
shape.   
 
4.7.1 SU1: isolated ribbon shaped body 
Morphology and stratigraphic architecture 
SU1 consists of a ~1.4 km long and ~100 m wide branching ribbon sediment body composed 
of facies FL that overlies flat lying exposures of facies F and LT (Figure 4-23). This ribbon 
sediment body is elongate and easily demarcated from the surrounding facies due to its 
relatively flat top and dark toned appearance. The top of this feature is covered with facies M, 
but in places sub-polygonal fractures and weathered clasts of facies FL are observed showing 
through (Figure 4-24). Directly surrounding the majority of the channel top is facies F that 
has varying tone (light to dark, depending on the degree of mantle cover) and a fracture 
spacing which ranges from < 1 m to ~30 m (Figure 4-23). To the northeast facies F is 
adjacent to facies P, providing a direct contact with what is thought to be basement material 
(labelled, Figure 4-23).  
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Figure 4-23: (A) SU1 and SU2 without mapping. (B) SU1 and SU2 with mapping of facies.    
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Figure 4-24: Juxtaposition of ribbon body composed of FL with surrounding F.  
 
Figure 4-16 and Figure 4-17 shows the reconstructed thickness of facies FL and F that 
compose SU1. Facies FL is < 5 m thick, and the underlying facies F is < 8 m thick. The SU 
does not vary significantly in thickness along its length. No FL layers are observed 
outcropping on the top surface of the SU, and instead are only observed on the edge of the FL 
outcrop, having bedding planes that appear to lie approximately parallel to the top slope of 
the SU surface (which has a gradient of ~0.5º). Figure 4-22 (profiles 1 and 2) shows the 
variation in thickness of facies F across the SU. I observe that the terrain comprising and 
surrounding the SU slopes downwards towards the northwest, where a contact with 
underlying facies P at ~1476 m elevation is observed. The outcrop of facies FL on the 
northwest side of SU1 is slightly thicker than on the southeast (~5 m compared with < 3 m), 
and present 5 to 10 m lower in elevation (Figure 4-22).       
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Interpretation of SU1  
I interpret the ribbon shaped rock bodies of SU1 as being inverted exhumed channels that 
have been subject to preferential preservation. One plausible interpretation of these channels 
is that they represent former fluvial channel systems. Alternative interpretations are suggested 
in the discussion of this chapter. The data indicates that facies FL and F are both thin, and 
overlie basement unit P which has a general topographic slope downwards from the southeast 
towards the northwest. The slope of basement unit P must have been present before facies FL 
and F were deposited, meaning that they are draping this irregular topography. In the fluvial 
paradigm facies FL and F might be interpreted as channel fill and overbank deposits.  
4.7.2 SU2: lobate sediment body 
Morphology and stratigraphc architecture 
SU2 is a lobate sediment body composed of facies FL. It is ~1.2 km in length and ~0.6 km in 
width at its widest point, and has a long-profile slope of ~1.2° (Figure 4-23). Elongate rock 
bodies are observed on the top of SU2 (Figure 4-25). The erosional edges which define these 
elongate bodies are mapped in Figure 4-26 as red lines. These features get progressively less 
numerous southwest to northeast along SU2. The exposed layers are diverse in tone (from 
very light to dark), have irregular shaped edges, and are fractured and clast forming (< 4 m 
diameter). The dips of layers range from 1° to 2° where measurable. Linear strata commonly 
show through on top of the elongate bodies, and these are generally oriented parallel to the 
sides of the features. To the northwest of SU2 facies FL directly overlies basement unit P, 
and to the southeast facies FL overlies patches of facies LT and F (at the downstream end of 
SU2) and facies P (at the upstream end of SU2).    
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Figure 4-25: (A) Elongate rock bodies visible on the top of SU2. Label ‘Bif’ shows location 
of bifurcation. (B) Plan-view of SU2 showing bifurcation point. White lines outline selected 
elongate ribbon bodies.   
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Figure 4-26: (A) SU2 with mapped strata on top. Red lines show erosional edges within the 
SU - these are interpreted as following strata, and therefore likely representing channel 
boundaries. Blue shows the erosional edge of SU2. Black dashed line shows an erosional 
edge separating parts of the SU that are lower and higher in elevation. (B) As for (A), but 
with the addition of purple dashed lines showing projections of elongate bodies towards a 
proposed bifurcation node.  
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Figure 4-27: (A) SU3 to 9 without mapping. Location of logs 1 and 2 are shown. Ribbon 
body which (almost) links SU9 to SU10 is marked by an X, and light-tone sheet unit adjacent 
to SU9 is marked by a Y. (B) SU3 to 9 with mapping of facies.  
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Figure 4-16 and Figure 4-17 shows the reconstructed thickness of facies FL that composes 
SU2. SU2 is relatively thin, with FL ranging from < 7 m distally, to <12 m more proximally. 
As noted above, direct contact with underlying basement P is observed on the northwest edge 
of the unit, and on the southeast edge only at the proximal end of the unit (Figure 4-17). 
Figure 4-22  (profiles 2 to 4) shows that the thickness of SU2 may vary across the unit, with 
thicknesses of FL higher in the northwest than the southeast.    
Interpretation of SU2 
I interpret the elongate sediment bodies on top of SU2 to be narrow channels that are present 
within an exhumed lobate rock body. This lobate-shaped rock body is in direct contrast to the 
curvilinear shape of SU1, because it is formed of alongstrike-displaced packages of narrow 
channel bodies, rather than one single channel.  
If these narrow channels are projected in a proximal direction up the SU, ie. towards the apex 
of the SU, (see Figure 4-26B for mapping) they likely coalesce at a single point that is buried 
by stratigraphically younger overlying sedimentary layers. I interpret this apex point as a 
bifurcation node, and suggest that the channels originally formed during a series of 
bifurcation events as channels switched around this fixed apex or node. However, it is not 
clear whether the multiple channels would have been active simultaneously or not.  
I interpret this nodal feature as indicating that a change in sediment transport capacity 
occurred at this point, resulting in a change in sediment deposition pattern. It does not appear 
that this capacity decrease could be due to a change in topography, ie. change in slope, or as a 
result of emergence from confined topography. Therefore I suggest that the development of a 
distributary pattern of bifurcated channels may have resulted from distributary lobe entering a 
standing body of water, such as a lake. For instance, on Earth terminal distributary channels 
in a deltaic setting can be formed due to deposition of a mouth bar at the shoreline as the flow 
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condition changes from confined to unconfined, resulting in a velocity decrease – the 
resultant mouth bar then causes the flow to separate into two or more branches (Olariu and 
Bhattacharya, 2006; Edmonds and Slingerland, 2007). Under this interpretation, the inverted 
lobate deposit would be a preserved deltaic lobe deposited within an intracrater lake 
environment. The alternative interpretation of these representing alluvial fan lobes is not 
viable because bifurcated channel patterns would not have occurred so far out in the basin 
away from the key transition point between the confined and unconfined channel as it 
emerges from the source region.  
4.7.3 SU3: short ribbon shaped body 
Morphology and stratigraphic architecture 
This ~500 m long flat-topped ribbon sediment body composed of facies FL links lobate 
feature SU2, with lobate feature SU4 (Figure 4-27). It ranges in width from ~60 m to ~120 m. 
The slope of the rock body is ~1°. It is not clear from imagery if Facies FL is continuous 
from SU2 onto SU3, and from SU3 onto SU4. The rock body, which has steep cliff-forming 
edges, is immediately surrounded on both sides by facies LT, which is present at the base of 
the cliffs.  Further from the rock body, facies LT overlies and drapes basement unit P (Figure 
4-28). Figure 4-16 and Figure 4-18 shows the reconstructed thickness of facies FL that 
composes SU3. Facies FL (comprising the ribbon shaped body) is < 8 m thick and the 
underlying facies LT is very thin (< 2 m thick). As a contact with facies P is observed 
beneath the thin outcrop of facies LT, this indicates that the thickness of the SU is accurately 
estimated. Figure 4-22 indicates that, as with SU1 and SU2, the thickness of this stratal unit 
increases towards the northwest.  
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Figure 4-28: Transition from facies FL, through LT, to facies P. Facies LT appears to drape 
facies P in some places.    
 
Interpretation of SU3 
I interpret the ribbon shaped sediment body to be an inverted exhumed channel that has been 
subject to preferential preservation. However, it is unclear whether this sediment body was 
the only connection between SU4 and SU2, and if so, why the lobate bodies narrowed to 
form a single channel in this location. It is likely that surrounding sediments have been 
eroded away, preserving only a single channel structure. I note that the topography of 
basement unit P to either side of SU3 would not have acted as a significant control on 
sediment deposition in a manner that forced narrowing of the SU in this location (in its 
present preservation state at least). 
4.7.4 SU4: lobate sediment body (lower part) 
Morphology and stratigraphic architecture 
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SU4 comprises the lower section of a single lobate shaped sediment body, which has been 
divided in two on the basis of differing morphologies. SU4 is quite similar in morphology to 
SU2. The rock body is approximately lobate, ~0.72 km in length and ~1.2 km in width, at its 
widest (Figure 4-27), with a mean top surface gradient of ~1.3°. Limited numbers of elongate 
ribbon sediment bodies are observed on the top of SU4, as in SU2: the erosional edges which 
define these are mapped in Figure 4-30. The FL facies which comprise these features have 
layers that are < 2 m in thickness. Surrounding the lowermost (distal) part of SU4 is facies 
LT. Facies M surrounds the majority of the rest of SU4, obscuring contacts with underlying 
facies (Figure 4-27). In addition, an unidentified facies is present directly adjacent to SU4 on 
the east side (labelled “B?” on Figure 4-27B). Due to the massive, blocky appearance it is 
possible that this is a brecciated block (facies B), and may therefore constitute a contact with 
pre-sedimentary basement material. Figure 4-16 and Figure 4-18 show the reconstructed 
thickness of facies FL that composes SU4. Facies FL comprising SU4 progressively thickens, 
from ~8 m distally to ~20 m proximally (Figure 4-18). This thickness is a minimum estimate, 
because direct contact with underlying basement P is not obscured by facies M around the 
majority of SU4. However, as facies LT is very thin overlying facies P, it is likely that the 
estimate of ~8 m thickness distally is relatively accurate. Figure 4-22 (profiles 7 and 8) 
indicates a thickening of facies FL in the northwest direction, overlying basement P outcrops 
at lower elevations in the northwest compared to the southeast. 
Interpretation of SU4 
Similarly to SU2, I interpret the elongate sediment bodies to be narrow distributary channels 
present within an exhumed and inverted lobate shaped rock body that was formed through 
deposition as a deltaic lobe. I note that fewer elongate sediment bodies are observed on this 
SU than on SU2, indicating possible differences in process or preservation state. I interpret 
the rock body (labelled facies B? in Figure 4-27B) to be a basement unit, possibly facies B. 
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Therefore this outcrop would have been present prior to the deposition of SU4 and may have 
influenced the shape of the SU.  
4.7.5 SU5: lobate sediment body (upper part) 
Morphology and stratigraphic architecture 
SU5 overlies SU4, forming the uppermost part of the lobate sediment body. It is ~1 km in 
length, a width of ~70 m (at the widest part) (Figure 4-27). The SU has a mean gradient of 
~1.7°. The width of the sediment body reduces with elevation gain, becoming narrower 
nearer the point at which SU5 and SU8 split from each other (Figure 4-27 and Figure 4-29). 
SU5 is distinguished from SU4 by the presence of much more numerous and pronounced 
stacked elongate sediment bodies comprised of FL (Figure 4-29). These are mapped in Figure 
4-30. The dips of the strata comprising the rock bodies range from 1° to 2°. The exposed 
layers are distinctive, ranging from very light to dark, and are highly fractured and clast 
forming (< 4 m diameter) (Figure 4-29). Contacts with surrounding units are largely obscured 
(and no contacts with basement material are observed) due to the presence of thick mantle 
deposits (Figure 4-27). However, to the northwest, SU5 is overlain by facies FL which 
comprises SU8. Figure 4-16 and Figure 4-18 show the reconstructed thickness of facies FL 
that composes SU5. According to this, FL varies from ~12 to ~15 m in thickness. However, 
this is a lower end estimate due to the lack of observations of contacts with underlying 
basement unit. Figure 4-22 (profiles 9 and 10) indicates that SU5 may be thicker towards the 
northwest than the southeast.  
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Figure 4-29: (A) Plan view of elongate rock bodies visible on the top of SU5. (B) View 
looking towards the point at which SU5 begins.  
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Interpretation of SU5 
As with SU2 and SU4 I interpret the elongate sediment bodies on top of SU5 to be narrow 
channels present within an exhumed and inverted rock body that was originally deposited as a 
deltaic lobe. In contrast to SU2 and SU4, SU5 contains multiple stacked groups of bifurcated 
channels that can be projected in a proximal direction up the SU (see Figure 4-30 for 
proposed locations of buried nodal points – note that these nodes gain in elevation and 
decrease in distance from the apex of SU5 as they get stratigraphically younger). Under a 
deltaic interpretation, this would indicate that the location of the proposed lake shoreline was 
moving through time. I interpret SU5 as being younger in age than SU1 though 4, due to its 
higher position stratigraphically, with layers that directly overlie those in S2, 3 and 4.   
4.7.6 SU6: sinuous ribbon shaped body 
Morphology and stratigraphic architecture 
SU6 is an isolated rock body composed of FL which preserves a sinuous ribbon feature 
(Figure 4-27 and Figure 4-31). The SU measures ~0.5 km in length and a maximum of ~0.3 
km in width. The top of SU6 preserves curvilinear strata (Figure 4-31). On the steep (20°) 
cliff forming edges of SU6 multiple layers with varying attributes are observed. On the 
eastern edge (Figure 4-31), the top ~10 m of cliff material is in shadow and does not have 
observable layering. Below this, several fractured, layered facies are observed (layers are < 2 
m thick). These are light in tone, and frequently form flat-lying beds that project out from the 
base of the cliff. On the western side, where shadowing is not observed, the top ~10 m of cliff 
is light in tone, and also does not appear to be layered; below this, fractured layered facies are 
again observed.  
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Figure 4-30: (A) SU4/5 with mapped strata on top. Red lines show erosional edges within the 
SUs – as in Figure 4-26 these are interpreted as following strata, and therefore likely 
representing channel boundaries. Blue shows the erosional edge of SU4/5. (B) As for (A), but 
with the addition of purple dashed lines showing projections of elongate bodies towards 
multiple proposed bifurcation node. Only the most obvious projections have been made – 
more may be present lower in the stratigraphy.   
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Figure 4-16 and Figure 4-19 shows that SU6 displays a contrasting structure to the SUs 
presented so far in this chapter. The ~10 to ~15 m thick package of facies FL has a top 
surface gradient of ~1.3°, and terminates abruptly as a cliff. No direct contact with a 
basement unit is observed, and therefore thickness estimates are a minimum. However, facies 
P is observed ~100 m from the terminus of SU6 at only <10 m lower elevation than nearest 
FL. Therefore it appears that FL may be a maximum of around 25 m thick.     
Interpretation of SU6 
I postulate that this lobate deposit comprises a stack of sedimentary material which has, on its 
uppermost surface preserved inverted exhumed channel structure(s). I interpret the 
curvilinear strata within the upper channel structures to preserve point bar sediments 
deposited during the growth of several meander loops. Due to the orientation of the lobate 
body with regards to the source of the southwest deposit, I suggest that paleoflow was 
approximately south to north. I observe curvilinear strata at differing elevations (varying by 
~5 to ~10 m) within the deposit (lower elevation strata shown by white arrow, Figure 4-31), 
indicating that successive sinuous channel deposits are stacked upon each other. The 
morphology of SU6 is therefore starkly different to that observed in SU1 to 5. I suggest that 
SU6 is the remaining portion of a once much extensive deposit – this is indicated by the 
relatively low gradient channels and cliff forming sides of the SU.   
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Figure 4-31: SU6. White arrow shows location of underlying sinuous channel.    
 
4.7.7 SU7: Small lobate sediment body 
Morphology and stratigraphic architecture 
SU7 is a flat topped lobate rock body that measures ~0.55 km in length by ~0.25 km in width 
and includes a ~0.14 km long ribbon-shaped feature on its eastern side (Figure 4-27 and 
Figure 4-32). SU7 outcrops near the base of the larger SU8, and must therefore be older as it 
underlies this feature. The top of the feature is covered with a thin mantle – but on the 
western side this is stripped away (white arrow, Figure 4-32), revealing facies FL that is clast 
forming (< 3 m in diameter). The edges of the rock body are cliff forming (a maximum of 
~15 m in relief), and boulder shedding (< 3 m diameter). To the north of the unit, a transition 
into a pitted facies is observed.  
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Figure 4-32: SU7. White arrow shows where underlying course grained sediments are 
exposed. 
 
Figure 4-16 and Figure 4-19 shows that SU7 is most similar in architecture to SU6. SU7 has a 
low gradient top, and facies FL ranges from ~8 m thick distally to ~15 m thick proximally. 
Direct contact with underlying basement unit P is observed, indicating that thickness values 
obtained are accurate. As with SU6, the unit terminates abruptly, in a cliff.  
Interpretation 
This SU is interpreted as a lobate sedimentary deposit. No channel forms or bifurcations are 
observed within the structure. It is older in age relative to SU8 as it outcrops at the base of the 
SU8 sedimentary layers.  
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4.7.8 SU8: Sediment body comprising three terminal lobate structures 
Morphology and stratigraphic architecture 
SU8 likely comprises the youngest preserved sediments in the southwest deposit, due to 
continuity of strata with the major ribbon shaped rock body (SU10) which is the primary 
trunk channel for the southwest deposit. SU8 consists of a ribbon sediment rock body that is 
~0.8 km long and ~60 m wide and raised in relief by ~5 m above an underlying and more 
extensive rock body composed of facies FL. This ribbon body then bifurcates and terminates 
in 3 separate deposits (labelled (a), (b) and (c) on Figure 4-33A). Deposit (a) is a sinuous 
ribbon sediment body that is ~600 m long and ~40 m wide. Deposits (b) and (c) are similar in 
morphology, and are present where a bifurcation in the main channel occurs. They are ~400 
m long, ~150 m wide, and ~35 m in elevation above surrounding terrain. The edges of 
deposits (b) and (c) are clearly eroded resulting in an abrupt terminal slope of ~10°, and 
exposed layers. However, as with SU6, layering is observed only near the base of the cliff-
forming deposit edges (the dips of these layers range from 1 to 2 degrees). Above this, the 
rock is unlayered at the image resolution available (Figure 4-33B). At the base of deposit (c) 
facies P is present, indicating that SU8 is deposited directly on top of basement material at 
this location. Figure 4-16 and Figure 4-21 shows the reconstructed thickness of facies FL that 
composes SU8. Like SU6 and SU7, SU8 has a top surface that is relatively low in gradient 
(0.8º) and the unit terminates in a cliff. Facies FL thickness ranges from ~25 m distally to < 
12 m proximally (Figure 4-21). A direct contact with basement unit P by overlying facies FL 
is observed at the distal end of the SU (Figure 4-21).  
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Figure 4-33: (A) Divisions of SU8. (B) Sedimentary stack at terminus of deposit 
(a).Bifurcation points shown as white dots.   
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Interpretation of SU8  
SU8 shows a differing morphology to the SUs so far discussed. It combines a ribbon shaped 
body that may be interpreted as an exhumed preferentially preserved channel feature 
(although it shows no evidence of sinuosity or curvilinear strata that could be interpreted as a 
point bar) due to its continuation with SU10 which much more clearly comprises a 
meandering channel body. SU8 also shows evidence for several separate lobate bodies, which 
may have been formed during a series of bifurcation events. These bifurcations were much 
bigger events than those recorded on the surfaces of SU2, 4 and 5, involving switching of 
flow between large lobes.  
I suggest that SU8 is younger relative to SUs 1 through 5, due to the continuity of the ribbon 
shape body in SU8 with that in SU10. In addition, strata comprising SU8 clearly truncate 
those at the top of SU5. SU8 is also younger than SU7, because SU8 clearly stratigraphically 
overlie those layers comprising SU7. The age relation of SU8 to SU6 is unknown.   
4.7.9 SU9: isolated lobate sediment body 
Morphology and stratigraphic architecture 
SU9 is an approximately circular flat-topped mesa of rock that measures ~450 m by ~400 m 
(Figure 4-27). The top of the rock body is thickly mantled, but irregular in topography, and 
does not reveal obvious stratification. The mesa has a maximum relief of ~45 m at its cliff 
forming terminus (the “cliff is of 12º slope), revealing thin (< 5 m scale) layers which are 
sometimes boulder shedding (< 4 m diameter) and have dips of 4 – 8 degrees. P is present at 
the base of the layered stack, showing a direct contact with basement material. A ribbon 
sedimentary body that measures ~400 m in length and up to ~80 m in width (labelled X, 
Figure 4-27) almost joins SU9 to SU10, but a gap is present close to SU10.  
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SU9 is the thickest SU in the southwest deposit, with facies FL ranging from ~35 m distally 
to ~20 m proximally (Figure 4-16 and Figure 4-20). The top of the SU is of low gradient, and 
the SU terminates in a ~45 m cliff. Contact with basement unit P is observed around the 
majority of the SU indicating that thicknesses observed are accurate. Thickening of the SU in 
the northwest direction is observed (Figure 4-22).  
Interpretation of SU9 
I interpret the poorly preserved and non-continuous ribbon shaped rock body leading from 
SU10 to the main lobate portion of SU9 to be an exhumed inverted channel. It is likely that 
this channel provided at least some of the sediment that comprises the main lobate body of 
SU9. SU9 does not preserve evidence of channel structures on its upper surface, and appears 
to be comprised of layers which dip relatively steeply towards its base at the northwestern 
side of the rock body. These layers appear to drape underlying basement P which has 
topography which also slopes downwards towards the northwest. The age of SU9 compared 
with the other SUs is unknown as there are no clear cross-cutting or stratigraphic 
relationships observable.  
4.7.10 SU10: Ribbon sediment body linking large incised channel to SU9    
Morphology and stratigraphic architecture 
SU10 is a ribbon sediment body of ~2900 m long that ranges from 50 – 150 m in width 
(Figure 4-34). SU10 does not connect the southwest deposit to the edge of the Eberswalde 
basin directly, instead it is situated in the mouth of a much wider (~500 m) incised straight 
channel that almost connects to the edge of the basin (Figure 4-34C). SU10 is comprised of 
FL that is thinly mantled in places. To either side of the slightly raised ribbon body both P 
and thick M is present (Figure 4-34B). The feature has a low sinuosity value of 1.2, but does 
exhibit one quite sinuous loop section approximately halfway down its length (Figure 4-35). 
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The top of the deposit shows curvilinear strata which are oriented parallel to the edges of the 
deposit. The layers exposed are fractured and clast-forming (< 3 m diameter) in some places, 
and appear smooth and fine-grained in others (Figure 4-34B).    
SU10 has thin (~5 to ~10 m) facies FL which directly overlies basement unit P along the 
majority of its length (Figure 4-16 and Figure 4-21). Figure 4-22 indicates that the SU 
maintains approximately the same thickness across transects perpendicular to the SU 
centreline.  
Interpretation of SU10 
I interpret the ribbon shaped rock body to be an exhumed inverted channel that has 
undergone preferential preservation. The curvilinear strata within the upper channel 
structures preserve very clear point bar sediments deposited during the growth of several 
meander loops. Curvilinear strata are not observed at differing elevations (and indeed the 
entire SU is approximately 5 to 10 m thick above underlying basement P) within the deposit, 
indicating that limited aggradation has occurred. SU10 appears to have been a source of SU8, 
SU9 and SU1 – 5. In addition, it is likely that SU7 and SU6 were also sourced from SU10. I 
note that that SU10 is much narrower (by several hundred metres) than the incised channel 
leading to SU10 from the edge of Eberswalde crater.  
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Figure 4-34: (A) SU10 without mapping. (B) SU10 with mapping. (C) CTX image showing 
wider setting of the southwest deposit. Incised channel that is much wider than SU10 is 
labelled, and this almost connects SU10 to the southwest edge of the Eberswalde basin. The 
southwest deposit is outlined in white, and the start of SU10 is indicated by a white arrow.   
 
  
270 
 
 
Figure 4-35: (A) SU10 showing close-up view of sinuous ribbon shaped sediment body 
constructed from fractured layered facies. White box shows location of close-up in (B). (B) 
Curvilinear strata are observed parallel to the edges of the ribbon shape body. The layers 
which comprise the deposit are fractured and clast forming.      
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4.8 Summary of depositional architecture  
4.8.1 Overview of the deposit 
The southwest deposit is elongate in shape and has been sub-divided into 10 stratal units 
based upon varying stratigraphic morphologies and spatial arrangement (Figure 4-15). 
The elevation of the stratal units tends to decrease along the main axis of the deposit, from 
the southwest to the northeast. Where the relative chronology of the SUs are known due to 
cross-cutting stratigraphic relationships (e.g. SUs 1 through 5), the apices of each SU shifts to 
the southwest, and occurs at a higher elevation, with decreasing relative age.  
The thickness of the sedimentary facies that comprise the SUs tends to decrease from 
southwest to northeast along the southwest deposit, although there is some variation in this 
observation (Figure 4-16). 
Additionally, SU thickness also varies in the direction perpendicular to the long axis of the 
deposit, from southeast to northwest, with sedimentary units tending to be thicker in the 
northwest (Figure 4-22). 
4.8.2 Oldest stratigraphic units 
SU1 is likely to be the oldest preserved SU, and it comprises a thin (<7 m thick) ribbon-
shaped rock body that branches at either end. It is the most distal SU in the southwest deposit, 
located furthest into the Eberswalde basin.   
SUs 2 to 5 are the next oldest set of preserved deposits, and also extend a significant distance 
into the Eberswalde basin. Based upon stratigraphic relationships, SU2 is the oldest of these, 
and SU5 the youngest. For instance, the sedimentary package which comprises SU5 can be 
observed to overlie SU4 rocks (Figure 4-18). These SUs are thinner compared to the younger 
stratigraphic units discussed in the next section. They range from ~7 m to ~25 m in thickness, 
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(but are mostly less than ~12 m in thickness), and overlie the basement unit P. There is a 
strong tendency for these SUs to increase in thickness towards the southwest, and hence SUs 
4 and 5 are the thickest observed. SUs 2, 4 and 5 form lobate fan-shaped sedimentary bodies, 
which have internal layers comprising of multiple ribbon-shaped bodies. In contrast, SU3 is a 
single-stranded, and wider, ribbon-shaped body that links SU2 to SU4 and 5.   
4.8.3 Youngest stratigraphic units  
It has been more difficult to determine the relative chronology of the remaining SUs, both 
relative to each other, and to the sedimentary package that comprises SU2 to 5. SU8 is 
certainly younger than SUs 2 through 5, as well as SU7, due to stratigraphic relationships and 
cross-cutting strata that are observed. The age relationship of SUs 6 and 9 to the rest of the 
units is less clear, as they are isolated sediment bodies that are surrounded by the mantling 
facies. In addition, the age relationship of SU7 to SUs 2 to 5 is unknown.  
The morphology of SUs 6, 7, 8 and 9 strongly contrast with SUs 1 through 5. They are 
composed of lobate packages of sediment which are relatively thick compared to SUs 1 to 5, 
ranging from ~8 m to ~35 m. The outcrop boundaries of these SUs comprise erosional edges, 
forming cliff faces, rather than having topography which tends to merge into the surrounding 
pitted basement unit (as shown by SUs 1 to 5). SUs 7 and 9 terminate in relatively short, wide 
lobate sediment bodies that are layered but do not show evidence for preserved ribbon-shaped 
bodies. By contrast, SU6 contains within it a ribbon-shaped rock body demonstrating 
significant sinuosity, and SU8 comprises a single ribbon-shaped rock body which terminates 
in three short and wide lobate rock bodies that do not contain any ribbon-shaped rock bodies.   
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4.9 Discussion 
4.9.1 Palaeo-environmental interpretation of units 
I interpret SU1 as being a fluvial channel which formed at the very earliest stages of alluvial 
sedimentation within this part of the Eberswalde basin (see Figure 4-36 for a schematic 
illustrating the relative chronology of stratal unit deposition). Under this scenario, the 
surrounding facies (fractured, light-toned) may represent overbank sediments or lacustrine 
sediments across which the fluvial channels prograded at a time when there was no intracrater 
lake at this location. Alternatively, SU1 may be the remnants of a sublacustrine channel 
which formed underneath the surface of an early stage intracrater lake, prior to the main 
sedimentary units located to the southwest being deposited. Under both scenarios, SU1 would 
also have been sourced from a subaerial channel which likely entered the Eberswalde basin 
from the southwest rim.   
SUs 2, 4 and 5 are interpreted as distributary fan lobes that were deposited in a deltaic setting, 
into an intracrater lake that partially filled the Eberswalde basin. This interpretation is made 
on the basis that the lobate rock bodies contain internal layers which consist of multiple 
metre-wide channels that can be projected as extending from multiple bifurcation nodes that 
are now buried by younger stratigraphic layers (see Figure 4-26 and Figure 4-30 showing 
channels projected towards multiple nodes). These multiple metre-scale channels are 
interpreted as terminal distributary channels that formed around a nodal point due to a change 
in flow condition, resulting in a velocity decrease. I suggest that this switch in flow 
conditions was most likely due to a switch from subaerial to lacustrine conditions at the shore 
of a lake, rather than a change in topography at a drainage outlet as would be expected under 
a subaerial alluvial fan scenario. Furthermore, the bifurcation nodes shift in space and time. 
In contrast, under an alluvial fan scenario we would expect the apex point to remain as 
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(relatively) fixed at the transition point between the confined and unconfined channel closer 
to the source region.  
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Figure 4-36: Conceptual diagram of stratal unit chronology. (A) SU1 is likely to be the oldest 
unit. SU2 is the second oldest preserved unit. Symbol X marks where mesas of fractured, 
layered facies are observed beyond the margins of the stratal units. (B) SUs 3 through 5 are 
then deposited, after SU2. (C) SUs 6 through 9 are the youngest preserved deposits. The 
exact chronology is unclear – see text for discussion. Bifurcation nodes are shown as 
coloured dots and labelled A to J. Their elevations are noted to the side of the figure. (D) 
Position of bifurcation nodes in space (elevation and location within the depositional system) 
within SUs 2 through 5.        
 
Due to their lobate structure and internal layering, SUs 6, 7, 8 and 9 are also interpreted as 
distributary lobes, possibly deposited within a lake setting. However, unlike SUs 2, 4 and 5, 
this group does not show evidence for multiple bifurcation nodes and small-scale channel 
features within the SUs. Only SU8 shows evidence for having bifurcation nodes, and these 
are of bigger scale than observed on SUs 2, 4 and 5, and terminate in large lobes. SU6 is 
particularly interesting as it contains evidence for development of a channel reach that 
underwent migration and point bar formation. This is an indication that SU6 may have once 
extended some distance beyond what is preserved today.  
4.9.2 Stratigraphic interpretation of units 
Within some of the older stratal units (SUs 2, 4 and 5), at least five separate bifurcation nodes 
that shift location in space and time are identified, with each occurring at progressively 
higher elevations towards the southwest (towards the crater rim) (Figure 4-36C, D). Two of 
these bifurcation nodes are located at the apices of SU2 and SU5, and the remainder are 
located within the SUs (mainly within SU5) (Figure 4-36C, D). This indicates that (a) the 
stratal units themselves backstepped over time as indicated by the apex positions (points A 
and E, (Figure 4-36), and (b) the bifurcation nodes within stratal units backstepped over time 
(points B, C, D, Figure 4-36).  
As the bifurcation points occur at progressive higher elevations higher up in the stratigraphy 
and shift closer to the crater edge progressively through time, in combination with a 
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morphology that suggests deposition as deltaic lobes into a crater lake, I suggest that these 
backstepping features are indicative of a rising lake level through time which caused net 
transgression. Figure 4-37 shows a cartoon describing how backstepping of the bifurcation 
nodes may have occurred. In this interpretation, transgression events would have occurred 
periodically, with subsequent progradation of stratal units over the resultant transgressive 
surfaces. I hypothesise that transgressive surfaces may be present at the base of each set of 
channels which can be projected to an individual bifurcation point. However it is not possible 
to distinguish sedimentary facies from orbital imagery with the detail needed to positively 
determine this.  
 
 
Figure 4-37: Conceptual model showing backstepping of proposed bifurcation nodes within 
SU2, 3, 4 and 5.  
 
I also suggest that in this scenario, the fluvial channel comprising SU1 might have originally 
been associated with deposits located further into the Eberswalde basin, and which were 
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subsequently removed by erosional processes; indeed, mesas of fractured and layered facies 
are observed just basin-ward of SU1 (see Figure 4-36).  
On Earth, ancient transgressive sandstones which record a water level rise through time are 
typically composed of shallow marine to marginal marine facies that are usually very thin 
(less than tens of metres) due to rapid transit over low-lying coastal plains (Cattaneo and 
Steel, 2003). Several depositional scenarios which are based upon differing shoreline 
trajectories have been developed by Helland-Hansen and Gjelberg (1994) and further 
developed by Helland-Hansen and Hampson (2009): (a) non-accretionary, where the 
shoreline trajectory is at the same or a lower angle than the older surface that is being 
transgressed, and no new transgressive deposits are accommodated – this is encouraged by 
high rates of sea level rise and little sediment supply to the shorezone (Figure 4-38A), (b) 
accretionary, where the shoreline trajectory is steeper than the older topography and new 
transgressive deposits can accumulate – this is encouraged by higher levels of sediment 
supply (Figure 4-38B), and (c) a retrogradational parasequence, where the shoreline 
trajectory has a zig-zag pattern and alternating transgressive and regressive episodes, forming 
sedimentary packages which step landward through time (Figure 4-38C). This overall 
concept of shoreline trajectory has allowed a framework that has been used to describe the 
stratigraphic architecture of terrestrial examples which demonstrate net transgressive 
shoreline trajectories (Sixsmith et al., 2008; Hampson et al., 2009).   
In flume experiments, Muto and Steel (2001) demonstrated that a zig-zag trajectory can 
develop due to autocyclic behavior e.g. cyclical delivery of sediment to the shorezone 
because of switching between delta lobes. They propose that under constant rate of relative 
base level rise (in this case, lake level) and constant rate of sediment supply, a delta system 
will become transgressive after a short period of regression, and undergo geometrical changes 
within the transgressive phase (such as formation of a discrete step on the deltas abandoned 
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subaqueous slope). Alternatively, such geometrical change can be an indicator of temporary 
changes in sediment supply due to climate changes, the rate of relative sea-level rise, or 
simply that the underlying topography being transgressed is not linear (Cattaneo and Steel, 
2003).  
 
Figure 4-38: (A) Non-accretionary scenario in which no deposition can occur, the shoreline 
trajectory is the same as, or lower than, the basin floor. (B) Accretionary scenario in which 
the shoreline trajectory is steeper than the basin floor. (C) Retrogradational parasequence, 
in which short intervals of regression occur during a net transgression.  
 
The combination of this conceptual framework, terrestrial field studies, and flume 
experiments, support the notion that the backstepping distributary fan lobes (in combination 
with backstepping bifurcation nodes within these lobes) described in this study are suggestive 
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of net transgression and base level rise through time, due to infilling of the Eberswalde basin 
with water. The three depositional scenarios described above (from Helland-Hansen and 
Gjelberg (1994)) are unlikely to occur exclusively, and it is likely that in a net transgressive 
situation such as that suggested within this study that combinations of these might have 
occurred depending on the rate of base level rise and sediment supply through time (Figure 
4-38).  
SUs 6, 7, 8 and 9 are thought to record younger and more proximally situated distributary 
lobes than those that are interpreted above as recording net transgressive behavior. Also in 
contrast, this group shows no evidence that transgressional behaviour occurred within SUs. I 
therefore suggest that this group of SUs might record primarily regressive behavior.  
It is notable that the positions of preserved major bifurcation points (major nodes that 
distinguish separate SUs, rather than the smaller-scale bifurcation nodes contained within 
SUs 2, 4 and 5) are clustered within ~0.8 km of SU10, which appears to have been the 
primary trunk channel to supply the delta (see bifurcation points on Figure 4-36). Potentially 
this might indicate that, at least amongst the SUs that are preserved, that the SUs did not 
extend very far into the Eberswalde basin - otherwise we might expect to see evidence for 
bifurcations preserved more distally. For example, the lobe that is thought to be the youngest, 
SU8, preserves evidence for multiple bifurcation events and lobe formation within 0.5 km of 
the end of SU10 (bifurcation points illustrated on Figure 4-36).   
4.9.3 Influence of basin topography 
Rice et al. (2011) hypothesise that the Eberswalde basin topography, which was created by 
post-impact regional faulting, provided depositional sinks that controlled the pattern of 
subsequent delta development. From this study, it is clear that the southwestern deposit has 
been influenced to a large degree by accommodation availability controlled by the underlying 
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basement topography (composed of the pitted and brecciated facies, P and B). This is due to 
the ~1.2° slope from southeast to the northwest, and the resultant increased thicknesses of the 
SUs towards the northwest (Figure 4-22). I observe strong evidence that the SUs are directly 
draped over basement topography: for example the terminus of SU9 shows that sedimentary 
layers are draped over facies P with dips of 4° – 8°, oriented in the northwest direction. If the 
original southwest deposit was much more extensive than is preserved now, I would therefore 
expect that the thickest deposits would have been present towards the northwest rather than 
the southeast (where the deposits would have butted up against higher elevation terrain 
composing the faulted zone identified in Rice et al., 2011).  
4.9.4 Original deposit extent  
There are strong indications that sedimentary material is present further out into the basin 
beyond the mapped SUs. Figure 4-36 shows the approximate extent of fractured facies 
beyond the limits of the SUs. Fractured material is very likely to be sedimentary in origin as 
it forms a major characteristic of facies FL that makes up the SUs themselves. It is unclear 
whether the fractured material located far from the SUs is likely to be part of the proposed 
fluvio-deltaic deposit that has subsequently been eroded away, or if it could be formed 
through an alternative process e.g. purely lacustrine deposits. Mesas (< 10 m in relief) 
composed of layered fractured facies are also observed some distance from the SUs which 
compose the southwest deposit (approximate locations shown by symbol ‘X’ in Figure 4-36). 
These provide strong evidence that quite thick sedimentary deposits did once lie beyond the 
SU margins. If fluvio-deltaic in origin, it is unclear which fluvial source (ie. that which 
sourced the southwest or the west deposit) might have provided sediment to these mesas 
(particularly the mesas located within ~1.5 km of the closest portion of the main western 
delta). It is worth noting that preservation of transgressive deposits on Earth is often restricted 
due to the ravinement process, due to the energy provided by wave action (Cattaneo and 
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Steel, 2003; Sixsmith et al., 2008). It is likely that a relatively small lake on Mars would not 
have been affected by significant wave action due to the small fetch, and this is why we see 
such good preservation of the southwest deposit.   
4.9.5 Regional context  
It is important to compare the southwest deposit to other examples of sedimentary deposits 
within the Eberswalds basin, in order to look at why the morphologies that are preserved 
differ so greatly. The morphology of the main (western) deposit is most similar to SUs 6 
through 9 that compose the southwest deposit: the slope of the units which make up the 
deposit are relatively low, are lobate in nature and contain highly sinuous channels that have 
undergone considerable migration. The west deposit outcrops between approximately -1500 
m and -1250 m in elevation (Figure 4-39).  
The lowermost elevation at which the southwest deposit outcrops is very similar to the west 
deposit at approximately -1450 m, but the uppermost elevation is lower than the top of the 
west deposit by a difference of ~80 m (see profile in Figure 4-39A). This shows that the 
elevation range occupied by the southwest deposit is contained within that of the west 
deposit. Similarly, the north deposit also occupies a similar, but slightly higher, elevation 
range to the southwest deposit (Figure 4-39). I suggest that the oldest stratigraphic units of 
the southwest deposit record an initial transgression due to lake level rise that is not captured 
in the preserved morphology of the west deposit due to subsequent burial by progradational 
units, or erosion.     
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Figure 4-39: (A) Profiles of the main (west), north, and southwest deposits. These profiles 
are taken from the upstream end of each deposit to the point at which the sedimentary deposit 
terminates within the Eberswalde basin. The profiles therefore demonstrate the elevations at 
which layered sedimentary rocks are observed within each deposit. Elevation data is from a 
CTX DTM at ~18 m pix
-1
. (B) CTX image showing the locations of each transect. Black = 
west deposit north, Blue = west deposit south, red = southwest deposit, and green = north 
deposit.  
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4.10 Conclusion 
This study presents the first analysis of a sedimentary system located in the southwest of 
Eberswalde crater which contains extremely well-preserved three-dimensional exposures of 
stratigraphic units. Morphological observations indicate that the southwest deposit records 
evidence for stratal units that potentially formed as individual distributary fan lobes that 
possibly terminated in a lacustrine water body. This is indicated by channels and lobate rock 
bodies which show evidence for multiple bifurcated channel bodies emanating from single 
nodal points. In addition, topographic analysis of the oldest stratal units shows that (a) stratal 
units backstepped towards the crater rim over time, and (b) bifurcation nodes within these 
stratal units also backstepped progressively over time. I therefore suggest that the older stratal 
units contained within the southwest deposit record a net transgression and base level rise, 
which was likely caused by lake level rise through time. The youngest stratal units display a 
contrasting behaviour, for example, evidence for a sinuous channel feature, which I suggest 
may record progradational behaviour in the latter stages of deposit formation.   
Importantly, the main (western) sedimentary deposit in Eberswalde, which is by far the best 
studied to date, does not record evidence for transgressive behaviour. I suggest that this is 
because such evidence is now buried beneath younger progradational units. The elevations of 
the two deposits support this idea: the southwestern sedimentary facies are recorded at a 
slightly lower elevation than the uppermost sedimentary facies of the western deposit.  
From this study, it is also clear that the southwest deposit has been influenced to a great 
degree by accommodation availability which was jointly controlled by lake level and the 
varying topography of the underlying basement unit. Due to a regional slope from the 
southeast to the northwest, stratal units greatly increase in thickness towards the northwest.  
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5.1 Introduction 
One of the most exciting discoveries on the surface of Mars in recent years has been the 
observation of sinuous ridges that resemble meandering channels on Earth. These are perhaps 
best exemplified by exhumed channels in the western sedimentary deposit in Eberswalde 
Crater (326.5ºE, 24.3ºS) (Malin and Edgett, 2003). Here, superb preservation of planform 
bedding geometries reveals large-scale sedimentary features that resemble point bars formed 
by meandering fluvial channels. These have been interpreted as either fluvial channels on an 
alluvial fan (Jerolmack et al., 2004) or as distributary channels on a lacustrine fan delta 
(Malin and Edgett, 2003; Moore et al., 2003; Bhattacharya et al., 2005; Lewis and 
Aharonson, 2006; Wood, 2006; Pondrelli et al., 2008; Rice et al., 2011; Rice et al., 2012). 
Whilst the overall interpretation of the environmental context remains controversial, recent 
imagery from NASA’s Mars Reconnaissance Orbiter (MRO) provides spectacular detail of 
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the exhumed channel morphology and stratigraphy that permits new insights into processes of 
channel evolution.  
The planform evolution of meanders on Earth is characterised by expansion in amplitude of 
meander bends with time and concomitant increase in channel sinuosity (Howard and 
Knutson, 1984; Stolum, 1998). This process is limited by cutoff events, which result in by-
pass of a meander loop in favour of a shorter path with resulting formation of an abandoned 
channel body (Lewis and Lewin, 1983; Hooke, 1995). Thus cutoffs limit the geometrical 
complexity of meander planforms (Camporeale et al., 2008). Two styles of cutoff have been 
recognised leading to distinct planform geometries (Lewis and Lewin, 1983). Neck cutoffs 
occur when meander loops become highly tortuous, and self-intersection of channels occurs 
between two progressively narrowing limbs of a meander loop (Gagliano and Howard, 1984). 
Chute cutoffs by contrast tend to occur during floods when overbank flow creates a new 
channel across a pointbar complex forming a shorter breach section (Gay et al., 1998; 
Constantine et al., 2010; Micheli and Larsen, 2010). Both cutoff types limit the amplitude of 
a meander loop and its sinuosity (Howard, 1996). Recognition of these contrasting cutoff 
styles and planform geometries on floodplains on Earth provides important insights into the 
dynamics of meandering rivers.  
Here I use MRO High Resolution Imaging Science Experiment (HiRISE) (~25 cm pixel
-1
) 
and Context Camera (CTX) (~6 m pixel
-1
) images, and complementary HiRISE digital terrain 
models (DTMs) of ~1 m grid spacing, to investigate the planform evolution of meanders in 
the Eberswalde deposit. I reconstruct the style of meander cut-offs from detailed mapping of 
bedding geometries in extensive planform exposures, and show that channel planform 
evolution was dominated by chute cut-off events which limited the development of meander 
loops of high sinuosity. Field observations of terrestrial chute cutoffs clearly demonstrate that 
overbank flood flows are required for the formation of chute conduits across floodplains 
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(Hooke, 1995; Gay et al., 1998; Constantine et al., 2010; Micheli and Larsen, 2010). The 
preponderance of stratal geometries indicative of the dominance of chute cutoff processes in 
the evolution of the Eberswalde meandering channels leads me to posit that fluvial flows in 
these systems were subject to episodic water discharges capable of overbank flooding and 
chute channel incision.  
5.2 Geologic setting 
Eberswalde crater is a ~65 km diameter northeast-southwest trending quasi-circular impact 
crater located in Margeritifer Terra, Mars (Figure 4-1, chapter 4). It is superimposed on its 
south-western half by the ~140 km diameter Holden impact crater. Eberswalde crater 
contains two intracrater sub-basins in the west and east, separated by a central high of ~300 
m relief (Lewis and Aharonson, 2006; Rice et al., 2011). At least six sedimentary deposits, of 
which the largest westernmost deposit is the subject of this paper, are present within the 
western sub-basin (Rice et al., 2011) (Figure 4-1B in chapter 4). The source area for the 
largest deposit is a contributing drainage basin with branching tributaries of at least five 
orders that covers ~4800 km
2
 (Malin and Edgett, 2003; Moore et al., 2003; Bhattacharya et 
al., 2005). Sources of runoff have been proposed including an impact induced climate 
optimum, longer term rainfall or groundwater discharge, and groundwater discharge 
following the Holden impact event (Jerolmack et al., 2004; Bhattacharya et al., 2005; 
Mangold et al., 2012).  
The largest sedimentary deposit measures ~13 km by ~11 km, and is composed of six 
depositional lobes (Wood, 2006). This study area is limited to lobes S1, S3, S4 and S6 
(Wood, 2006), where wide (> 100 m) channel bodies and point bar strata are preserved 
(Figure 5-1A). The deposit is likely to be an erosional remnant of a larger paleo-deposit 
(Malin and Edgett, 2003). Fluvial strata are preserved as inverted exhumed deposits, formed 
by differential preservation of the channel bodies. The following mechanisms may have been 
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involved in terrain preservation in Eberswalde crater: (1) cementation of substrate or 
duricrust formation, for example by fluid mixing or evaporation, with possible cementing 
agents being sulphates and iron oxides (Pain and Ollier, 1995; Pain et al., 2007). (2) 
Armouring due to a lag of coarser grained material within channels, protecting underlying 
sediments from erosion (Malin and Edgett, 2003; Pain et al., 2007).     
 
Figure 5-1: (A) Western delta (FDS1), box shows location of close up in 1B. (B) Close-up 
showing locations of the meander cutoffs identified in this study.   
   
5.3 Data and methods 
Methods have been adapted from Constantine et al. (2008), Constantine and Dunne (2010), 
Michali and Larson (2010) and Alqahtani (2011) to suit the non-continuous nature of the 
exhumed deposits, and were carried out using ArcGIS. For detailed steps undertaken within 
ArcGIS see appendix 7.4.1. Firstly, using MRO High Resolution Imaging Science 
Experiment (HiRISE) images I identified eight incidences of chute cutoff and one incidence 
of possible neck cutoff within this study area (labelled on Figure 5-1B). The locations of 
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these cutoffs are shown on a map in Figure 5-2. I digitised channel outlines by tracing the 
outermost continuous strata of the preserved point bars. From this, channel centrelines were 
digitally constructed and smoothed. Accurate analysis of palaeochannel width was not 
possible due to the migration and preservation of the point bar; nevertheless, estimates were 
made by taking width measurements within the channel outline every 20 m down the channel 
centreline.  
The radius of curvature for each cutoff point bar was measured by inscribing a circular arc to 
best fit the channel centreline curve (after Brice, 1974) and scaled by the mean channel 
width. Local sinuosities of the cutoff bends were calculated by taking the ratio of the 
centrelines to chute lengths. Ideally, sinuosity would be measured between meander 
inflection points, but due to the lack of continuous channel sections between meander bends 
this was not possible; sinuosity measurements should therefore be considered conservative 
(see Micheli and Larsen, 2010). The position of the chute channel in relation to the cutoff 
meander loop was noted (see Lewis and Lewin, 1983). See appendix 7.4.1 for a schematic 
showing how this was evaluated. Lastly, I assessed whether the observed cut-off chutes and 
removed meander bend were likely to have been part of a single channel system operating 
during the same historical period. To do this I used HiRISE DTM 
DTEEC_001336_1560_001534_1560 (~1 m grid spacing) in order to ascertain whether 
preserved channel sections in the cut-off chute and removed bend are exposed at a similar 
elevation. This DTM was downloaded from the NASA website, and did not require further 
processing. Relative accuracy is in the tens of centimetres.  
5.4 Meander planform evolution 
On Earth, exhumed planforms of ancient meanders are rare, though several spectacular 
examples have been documented (Puigedefabregas, 1973; Nami, 1976; Edwards et al., 1983; 
Smith, 1987; Alexander, 1992; Brookes, 2003). However, these in general do not permit 
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extensive reconstruction of planform evolution, unlike the Eberswalde examples. Within the 
study area, I have observed at least nine rock bodies which record cutoff events, and one that 
records a possible neck cutoff (Figure 5-1B for locations). The rock bodies are crescentic to 
oval in shape, and are covered with patterns of concentrically disposed strata. I propose that 
the deposits preserve key facies which can aid me in interpretation of the style of cutoff and 
event chronology: (A) lateral accretion surfaces that form during channel migration and 
building of a point bar structure, recognized by the preserved pattern of concentric, sub-
circular strata (Smith, 1987), and (B), channel fill deposits, recognized as following the 
curved margin of the crescentic point bar, and having more limited stratification. Erosional 
surfaces which truncate lateral accretion strata and channel fill deposits are also observed. 
Below I describe the stratal architecture of a neck cutoff (Figure 5-3), and two separate 
meander complexes that may contain numerous chute cutoffs (Figure 5-4 and Figure 5-5). 
Complex 1 contains cutoffs 2 and 3, and complex 2 contains cutoffs 5 through 9.  
5.4.1 Neck style cutoff 
Cutoff 1 (Figure 5-3) is an oval shaped rock body of area ~0.4 km
2
, and ~1 km long by ~0.5 
km wide, with the long axis oriented east-west. Concentric strata that follow a high sinuosity 
bend are observed (labelled a, Figure 5-3B), and are interpreted as facies A, concentric strata 
deposited during the lateral migration of a meander bend in an eastern direction. The stratal 
layers are each less than ~3 m in width. Some form distinctive light toned layers which are 
polygonally fractured and boulder shedding, whereas the majority are darker in tone. As 
facies A continues to the outer edges of the preserved rock body, it is more likely that any 
channel fill that was present has now been eroded. Several erosional surfaces are observed 
within this facies, where the outermost concentric strata truncate the innermost strata 
(labelled b, Figure 5-3B). These can occur when the downstream limb of a bend migrates 
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progressively in the upstream direction (or vice versa), destroying part of the original point 
bar (Hickin, 1974).  
 
Figure 5-2: Introductory map showing locations of Figures 5-3 to 5-5.  
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Figure 5-3: (A) Neck cutoff 1. (B) Neck cutoff 1 with strata mapped and interpretation of 
meander growth directions (indicated by black arrows).   
 
Growth of a secondary point bar in a north-west direction may have occurred on the southern 
channel limb (labelled c, Figure 5-3). This channel migration would have served to increase 
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the sinuosity of the channel and close the “neck” of the meander. The northern channel limb 
preserves more limited concentric strata (labelled d, Figure 5-3), which may also constitute a 
similar point bar. However, the northern channel limb is more eroded than its southern 
counterpart.  
I suggest that this deposit preserves point bar sediments deposited during growth of a single 
meander loop that is simple and near symmetric. The paleo-flow direction is unknown, but 
due to the orientation of the southernmost channel towards the large feeder channels of the 
western sedimentary deposit, I suggest that this was the upstream limb of the channel bend. 
As the channel bend progressively migrated, the neck of the meander loop became narrower, 
resulting in erosional surfaces (labelled b, Fig. 2). Due to the narrow gap between southern 
and northern meander limbs, I postulate that a neck cutoff either occurred, or was imminent.  
5.4.2 Chute style cutoff complex 1 
Cutoff 2 is a horseshoe shaped rock body of area ~0.53 km
2
, with the long axis oriented 
north-south (Figure 5-4). Concentric strata that follow the bend of the horseshoe are 
observed, and interpreted as facies A (labelled a, Figure 5-4B), concentric strata deposited 
during the lateral migration of a meander bend. These have a similar thickness and tone to 
facies A in neck cutoff 1. Again, erosional surfaces truncate the innermost concentric strata 
(labelled b, Figure 5-4B). The geometry of these surfaces indicates progressive lateral 
migration of a meander bend in a northern direction. Outside of the curved margins of facies 
A, on the western side of the rock body, is a ~100 m wide ribbon-shape deposit that is non-
stratified but polygonally fractured (labelled c, Figure 5-4B). This is interpreted as facies B, 
possible channel fill deposits.  
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Figure 5-4: (A) Chute cutoff complex 1. (B) Chute cutoff complex 1 with strata mapped and 
interpretation of meander growth directions (indicated by black arrows). Line X-X’ shows 
location of topographic profile across cutoff strata shown in Figure 5-6.    
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Crucially, facies A and B are truncated by curved strata at the base of the horseshoe on both 
sides (labelled d, Figure 5-4B). These truncating strata are contiguous with, and form part of 
a ~100 m wide channel to the south and east of the cutoff feature. This channel is interpreted 
to be a chute cutoff, and itself forms a smaller point bar complete with concentric strata that 
is superimposed on top of/eroded into the main point bar. Cutoff 3 is a highly eroded 
horseshoe shaped channel remnant adjacent to cutoff 2 (labelled e, Figure 5-4B). This is also 
truncated by the strata which truncate cutoff 2. 
Cutoff 2 preserves point bar sediments deposited during growth of a meander loop that was 
simple and asymmetric, formed by progressive lateral migration northwards, coupled with 
some translation eastwards. This sinuous meander loop was cutoff due to formation of a 
chute channel which acted to considerably shorten the original meander loop. It is likely that 
the paleo-flow direction was from the southwest, due to the positioning of the large delta 
feeder channels. Furthermore, both features 2 and 3 may have been truncated during the same 
chute cutoff event.  
5.4.3 Chute style cutoff complex 2 
Cutoff complex 2 (Figure 5-5) comprises a large rock body of ~4 km in length (with a long 
axis oriented east-west) composed of at least five semicircular sets of concentric strata, some 
or all of which may have been subject to chute cutoff. Facies A, interpreted as deposited 
during the lateral migration of a meander bend, is present in all five examples (eg. labelled a, 
Figure 5-5B). In three cases (features 5, 6 and 7) these strata sets are clearly truncated by 
linear strata which compose a ~170 m wide channel body (dashed lines, Figure 5-5B), and in 
the two remaining cases (8 and 9) there is possible evidence of truncation (dotted lines, 
Figure 5-5B). 
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Figure 5-5: (A) Chute cutoff complex 2, with meanders numbered. Line y-y’ shows location 
of topographic profile across cutoff strata shown in Figure 5-6. (B) Chute cutoff complex 2 
with strata mapped and interpretation of meander growth directions (indicated by black 
arrows). Dashed and dotted lines indicate possible chute locations (through identification of 
truncating strata).   
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I interpret the semi-circular patterns of concentric strata to be point bar deposits, formed 
during growth of individual meander loops. I propose that features 5, 6 and 7 may have been 
subject to chute cutoff during a single large event, resulting in truncation of facies A, roughly 
perpendicular to the orientation of the strata. Features 8 and 9 may have been subject to chute 
cutoff, but show less evidence for truncating chute channels.       
5.4.4 Topographic information 
Topographic profiles have been taken across cutoff complexes 1 and 2, incorporating the 
portions of the rock body interpreted as facies A (the original point bar, prior to cutoff) and 
the cross-cutting strata which represent the younger chute channels. These profiles are shown 
in Figure 5-6 and illustrate that both facies A and the chute channel are at very similar 
elevations (within several metres).  
 
Figure 5-6: Profiles across terrain on cutoff complexes 1 and 2. Locations of transects are 
shown on Figure 5-4 and Figure 5-5.   
 
 
 
  
300 
 
5.5 Quantitative morphology 
Quantitative measures of chute cutoff morphologies have recently been made along the 
Sacramento River, California, USA (Constantine and Dunne, 2008; Constantine et al., 2010; 
Micheli and Larsen, 2010). Using similar methods modified for exhumed meanders (see 
Digital Repository Methods and Alqhatani, 2011), I compare the dimensions of the chute 
channels, the cutoff ratio, local sinuosity values, and the radii of curvature of the Eberswalde 
meanders with those of the Sacramento River (Table 5.1; full data is shown in Appendix 
7.4.1).  
I find that chute channels range in length from ~380 m to ~840 m, and average ~520 m. 
When these values are scaled by the estimated mean channel width this equates to a range of 
~5 to ~10 channel widths, with a mean of ~6.5. Constantine et al. (2010) found that chute 
channel lengths along the Sacramento River range from ~2.5 to ~16 channel widths, with a 
mean length of ~10 channel widths. The Eberswalde results are slightly lower than those for 
the Sacramento River. The lengths of the channels removed by the cutoff events, as measured 
down channel centrelines, range from ~560 m to ~1530 m, and average ~900 m. The cutoff, 
or length, ratio can be used to describe the ratio of the length of the chute channel to the 
length of the removed channel (Constantine et al., 2010). For the Sacramento River, the 
cutoff ratio ranges from ~0.3 to ~0.7, with a mean of ~0.5 (Constantine et al., 2010). This 
compares favourably with cutoff ratios from Eberswalde which value ranges from 0.4 to 0.8, 
and average 0. 
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Table 5-1: showing cutoff type, removed channel and chute lengths, channel widths, cutoff ratio, radius of curvature and local sinuosity. 
C
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Channel 
length 
(m) 
Chute 
Length 
(nearest 
m) 
Chute 
length 
scaled  
by 
mean 
channel 
width 
Cutoff ratio  
(chute 
length/remo
ved length) 
Mean 
width of 
removed 
channel 
(m) 
Max width 
of removed 
channel 
(m) 
Min width 
of removed 
channel 
(m) 
Radius of 
curvatur
e (nearest 
m) 
Radius of 
curvature  
(scaled by 
mean 
channel 
width) 
Local 
sinuosity  
(removed 
length/ch
ute 
length)  
1 N 1917 269 6.73 0.14 40 106 19 180 4.50 7.13 
2 C 1526 549 5.38 0.36 102 150 56 208 2.04 2.78 
3 C 1490 836 5.73 0.56 146 238 55 329 2.25 1.78 
4 C 557 418 7.33 0.75 57 142 19 159 2.79 1.33 
5 C 565 376 9.64 0.67 39 59 14 124 3.17 1.50 
6 C 761 593 6.52 0.78 91 127 66 351 3.86 1.28 
7 C 818 379 4.86 0.46 78 110 44 146 1.87 2.16 
8 C 599 378 5.25 0.63 72 92 49 206 2.86 1.58 
9 C 836 608 6.14 0.73 99 159 39 224 2.26 1.38 
Mean 
(chute)   894 517 6.36 0.62 86 135 43 218 2.64 1.72 
Max  
(chute)   1526 836 9.64 0.78 146 238 66 351 3.86 2.78 
Min 
(chute)   557 376 4.86 0.36 39 59 14 124 1.87 1.28 
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I calculated the local sinuosity of bends prior to chute cutoff for Eberswalde deposits by 
taking the ratio of the length of the removed channel bend to the length of the chute channel. 
I found that the cutoffs have a local sinuosity of 1.3 to 2.8, with a mean value of 1.7. Micheli 
and Larsen (2010) also calculated local sinuosity values based upon measurements of cutoff 
reaches and oxbow lakes. In the case of oxbow lakes these values may be conservative as 
paleochannel lengths may have been part removed from the record (Micheli and Larsen, 
2010), and the eroded Eberswalde deposits may be a similar case to this. Micheli and Larson 
(2010) show that the sinuosity of Sacramento chute cutoffs is ~1.97, and for oxbow lakes 
~2.01, similar to that for Eberswalde. I note that putative loop cut off in Eberswalde has a 
local sinuosity of ~7, clearly differentiating this example from the other features in this study. 
The radius of curvature for the removed chute channel bends in Eberswalde crater, range 
from ~125 m to ~350 m, with a mean of ~220 m. When scaled by the estimated mean 
channel width, this ranges from ~2 to ~3, with a mean of ~2.5. Micheli and Larsen (2010) 
found that chute cutoffs along the Sacramento River had a mean radius of curvature of ~2.1, 
and oxbow lakes ~2.2. 
The last chute cutoff variable I analysed is the position of the chute channel entrance 
compared to the position of the inflection, or crossover, just upstream of the meander that 
underwent cutoff. Various chute entrance positions are possible, ranging from tangential to 
chord locations (Fig. 4). The chute entrance for cutoff 2 occurs downstream of the inflection 
by approximately four channel widths, in an axial position. The chute channel is roughly 
perpendicular to the upstream meander limb, meaning that chute formation led to a fairly 
sharp change of flow direction. The chute entrance for cutoff 3 is more ambiguous, due to the 
unknown position of the upstream limb prior to cutoff. There are several possibilities: (1) the 
removed channel is an older deposit, not related to the chute channel. This is unlikely due to 
the similarity in elevation. (2) The upstream meander limb was the now-removed channel that 
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makes up the point bar of cutoff 2. This would make the cutoff an axial one. (3) Cutoff 3 
occurred after, or at the same time, as cutoff 2, making the chute channel of cutoff 2 the 
upstream limb. This would make the cutoff within one channel width of a tangential position. 
Cutoff 4 is a shallow chord type cutoff, where the removed channel segment is only slightly 
longer than the chute channel. Cutoff 5 occurs within two channel widths of an axial position. 
Constantine et al. (2010) found that chute entrances generally occur at the most tightly curved 
part of the channel upstream of the crossover, in a tangential position. Lewis and Lewin 
(1983) also find that entrances are dominantly situated within one channel width of a 
tangential position. However, they found that cutoffs range from axial to tangential in 
position, although the former are less common.  Some examples are also in a chord location, 
but these tend to be loops with complex head structures.  
5.6 Discussion 
This analysis indicates that the planform evolution of the Eberswalde meanders was strongly 
influenced by chute cutoff events. Preserved planform morphologies and quantitative 
measures of cutoff dimensions resemble those of chute cutoffs for Earth examples. This 
finding may have important implications for the style of hydrological activity during growth 
and cutoff of the meandering channels. The growth of chute channels is not well understood 
in terms of hydraulics (Gay et al., 1998; Constantine et al., 2010). Three main mechanisms by 
which chute cutoffs may occur have been proposed: (1) overbank flow across a point bar 
directed by ridge and swale topography (Hickin, 1984), (2) overbank flow resulting in 
formation of a headcut extension across the point bar due to a reduction in the conveyance 
capacity along a meander bend, eg., localised aggradation (Keller and Swanson, 1979; Gay et 
al., 1998), and (3) an upstream embayment on the point bar due to bank erosion during 
flooding events, eventually leading to chute channel formation (Constantine et al., 2010). 
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Importantly, all of these mechanisms involve localised flood events which inundate and erode 
portions of the point bar. It is thought that the risk of cutoff grows with increasing magnitude 
and duration of point bar inundation. The depth, and therefore gradient, of water flow 
determines the stream power available to erode, and thus the erosion rate, while the duration 
controls the total amount of erosion (Micheli and Larsen, 2010). Whilst progressive migration 
of a meander bend is thought to prime the bend for cutoff by altering the bend geometry, 
subsequent high discharge flows may determine when it will occur (Micheli and Larsen, 
2010). Whilst there have been observations of such flooding occurring as a result of ice 
jamming on the Powder River, Wyoming, U.S.A (Gay et al., 1998), most terrestrial studies 
cite overbank flooding due to variable discharge as a major control on the occurrence of 
chute cutoffs (Constantine and Dunne, 2008; Constantine et al., 2010; Micheli and Larsen, 
2010). For example, along the Sacramento River, cutoff frequency correlates significantly 
with annual cumulative overbank discharge (Micheli and Larsen, 2010). I suggest that high 
discharge events as a result of fluctuating hydrology may have led to chute cutoff occurrence 
within the Eberswalde sedimentary system.  
Furthermore, multiple bend cutoffs may have occurred, either within a single event or in 
quick succession, creating the complex patterns of truncated semi-circular strata I have 
observed. Multiple bend cutoffs, or avulsions, have been recreated in a physical experiment 
by Van Dijk et al. (in press), and resulted from an increase in overbank flow due to in-
channel sedimentation and increased bend sinuosity. Hooke (2004) documented a series of 
cutoffs which all occurred in the winter of 2000-2001 along a reach of the River Bollin, UK, 
and attributed the events to a combination of unusually high floods combined with the high 
sinuosity of the meander planform at that time. Formation of the multiple cutoff features in 
Eberswalde may therefore require significant overbank flooding, and perhaps occurred during 
periods of much higher discharge.   
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It is worth noting that the absence of vegetation cover on Mars may have increased the degree 
to which chute cutoffs occurred on meanders such as Eberswalde. An absence of vegetation 
(especially when combined with non-cohesive sediment types) has been documented in field 
examples and in physical models to result in increased cutoff risk due to decreased bank 
stabilization (Braudrick et al., 2009; Howard, 2009; Constantine et al., 2010; Tal and Paola, 
2010; van Dijk et al., 2012). However, as the channels described in this study demonstrate 
considerable bank cohesion, indicated by their dominantly single thread and moderately 
sinuous nature, I suggest that a lack of vegetation alone cannot explain the numerous chute 
cutoffs observed. Instead I argue that the chute cutoffs indicate discharge variability to the 
Eberswalde channels.     
5.7 Conclusion 
Through detailed mapping of strata which compose sedimentary rock bodies in Eberswalde 
crater, I have recognised and interpreted two key facies: (A) lateral accretion surfaces that 
form during channel migration and building of a point bar structure, recognized by the 
preserved pattern of concentric, sub-circular strata (Smith, 1987), and (B), channel fill 
deposits, recognized as following the curved margin of the crescentic point bar, and having 
more limited stratification. Furthermore, preserved planform morphologies and quantitative 
measures of cutoff dimensions resemble those of chute cutoffs for Earth examples. Based 
upon this, I find that the landform evolution of the Eberswalde meanders was strongly 
influenced by chute cutoff events.  
Based upon Earth studies of chute cutoff events, three main mechanisms have been proposed: 
(1) overbank flow across a point bar directed by ridge and swale topography, (2) overbank 
flow resulting in formation of a headcut extension across the point bar (Keller and Swanson, 
1979; Gay et al., 1998), and (3) an upstream embayment on the point bar due to bank erosion 
during flooding events (Constantine et al., 2010). All of these mechanisms involve localised 
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flood events which inundate and erode portions of the point bar, and it is thought that the risk 
of cutoff grows with increasing magnitude and duration of point bar inundation. Formation of 
the multiple cutoff features in Eberswalde may have occurred during periods of high 
discharge.  
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6.1 Introduction 
Using two Martian crater examples, Mojave and Eberswalde, this thesis contributes to our 
understanding of the climatic conditions and processes which led to the formation of 
sedimentary systems on Mars in the Late Hesperian to Amazonian epochs (from ~3.3 billion 
years ago to the present day). This is important because of the rapidly growing body of new 
work which suggests that the broad paradigm of an early wet-warm Mars followed by a 
transition to a cold-dry planet should be questioned: it appears that numerous recent climatic 
departures are likely to have occurred.    
Chapter 2 explores how the crater rim of the mid- to late- Amazonian-age Mojave crater 
evolved under the influence of precipitation. Through the morphologic analysis of a wide 
range of catchment-alluvial fan systems, chapter 2 contributes to our understanding of the 
controls on alluvial fan evolution in craters with complex rim morphologies, the hydrologic 
and sediment transport processes which operated within the alluvial systems, and the 
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timescales of formation of the alluvial fans in relation to the overall timing of the impact 
event.  
Chapter 3 investigates the climatic context under which Mojave crater experienced erosion by 
precipitation. I present mapping of the terrain surrounding Mojave crater in order to 
determine whether fluvial activity was localised, and critically examine the morphology of 
the mapped fluvial features to provide constraints on the possible mechanisms of water 
delivery. In addition, observations from five further youthful (Late Hesperian to Amazonian) 
Martian craters that also underwent Mojave-style erosion by precipitation are presented, and 
these craters are investigated in terms of whether similar water availability processes might 
have affected these examples as well.     
Chapter 4 provides a detailed identification of facies and reconstruction of the stratal 
architecture of a sedimentary system located within the southwest of Eberswalde crater. This 
chapter investigates how the deposit evolved through time, and looks at the implications for 
geologic processes within the Eberswalde basin.  
Chapter 5 then provides analysis of the planform evolution of sinuous channels located 
within the largest (western) sedimentary system in Eberswalde crater. Through detailed 
mapping and quantitative analysis of planform bedding geometries this chapter investigates 
the role that chute cutoffs played, and looks at the implications for past hydrologic processes. 
6.2 Mojave crater  
6.2.1 Evolution of catchment-fan systems in Mojave crater 
Mojave crater has the potential to increase our understanding of the early stages of erosion of 
complex (multi-terraced) crater rims that have been subjected to precipitation, because it is 
extremely well-preserved and the intracrater ranges are only partly eroded (and thus 
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preserved in time). In Mojave crater, such erosion has led to the development of an array of 
catchment-fan systems with densely channelled morphologies.  
Building upon work by Williams et al. (2004) and Williams and Malin (2008) I mapped the 
different catchment-fan system within the crater as four main types which take into account 
both the source area and the catchment-fan morphology. These include: (a) range-derived 
(RD) fans, which have a source area consisting of well-defined catchments eroded into 
isolated intracrater ranges, and (b) channelised intermontane basin-derived (IBD) fans, which 
have a source area consisting of a downstepping series of flat-lying basins situated between 
the intracrater ranges.  
Importantly, the intermonane basins contain rocks with a pitted morphology which are 
thought to be related to rapid degassing of volatiles occurring within days of the initial impact 
(Boyce et al., 2012; Tornabene et al., 2012). Thus, the stratigraphic relations between these 
rocks and the catchment-fan systems can inform us about the absolute timings of fan 
formation. Based upon scarps at the termini of fans which may be formed by pit formation in 
impact melts, and relationships between fan surfaces and cross-cutting pits, I suggest that the 
catchment-fan systems likely began forming very soon after the impact event. This 
observation can also help constrain the mechanism by which water was made available for 
precipitation at Mojave crater. For example, a scenario of regional to global climate change is 
made less likely, due to the probability of that event occurring in tandem with the impact 
itself being low (given what we know to date about climate in the Amazonian e.g. Carr and 
Head (2010)).     
In addition, the morphologies of the catchment-fan systems can tell us more about the 
sediment transport processes that led to their formation. The profiles of RD catchment 
channels range from convex-up to linear, suggesting that suggests that sediment transport 
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events were episodic and point-sourced, rather than being delivered via distributed tributaries. 
An appropriate Earth analogue might therefore be colluvial channels that are subject to 
episodic flow with varying sediment concentrations: however, the fans have morphologies 
indicative of fluvial- rather than debris- flow morphologies.  
The fan morphologies can also provide indications as to the climatic processes which 
occurred in Mojave crater. Along- and across- strike profiles of fans show that there is limited 
fan head trenching, and that fan lobes are not inset. Lobes within a single fan have similar 
gradients, indicating that the systems did not experience significant climate change, or 
systematic late-stage dissection. In addition, the morphology of the RD catchment-fan 
systems suggests that sediment transport may have stopped abruptly, due to (a) the large 
boulders that are frequently observed in the youngest fan channels, which indicate that the 
most recent flows were capable of transporting coarse sediment, and (b) the lack of fan head 
trenching and absence of shifts in deposition centres, which indicate that the last episodes of 
deposition probably occurred under a climatic regime similar to that which preceded it.  
The findings from Mojave crater also have implications for our understanding of the 
evolution of older martian craters which might have been subject to precipitation during 
proposed wetter, warmer periods of time in the past. Many older Noachian and Hesperian-age 
complex craters on Mars, which typically show fan bajadas emanating from a highly 
degraded primary crater rim, would likely have originally evolved in the style of Mojave 
crater. This is significant, as it means that we may be better able to predict and understand the 
types of rocks found around the rims of older craters. There is a current need for greater 
understanding, because the scientific rover missions (Mars Science Laboratory and 
Opportunity) are at the moment traversing and analysing terrain on or just inside the rims of 
craters Gale (Milliken et al., 2010; Anderson et al., 2012; Williams et al., 2013) and 
Endeavour (Arvidson et al., 2011; Squyres et al., 2012). It also means that geomorphologic 
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evidence of crater modification by precipitation in the ancient crater population may be 
under-represented across Mars due to burial or erosion of alluvial stratigraphy, affecting our 
knowledge of past climate change.   
6.2.2 Water delivery mechanisms to youthful craters such as Mojave  
Mapping at CTX scale (~6 m pix
-1
) of all images within a ~300 km radius around Mojave 
crater confirms that observations of relatively youthful fluvial features (excluding catchment-
alcove systems, fluvial valley networks, and very degraded fan features) become less 
common with distance from the primary crater. Density maps show a very high density of 
channels, catchments and fans within Mojave crater and its primary ejecta blanket, and to a 
lesser extent in two other areas to the northwest (~120 km from Mojave) and the northeast 
(~220 km) of Mojave crater.  
To the northwest, fluvial features are present within two craters (termed Y and Z) that are 
very likely to be secondary impacts from the Mojave impact event, and therefore are Mojave-
age or younger. To the northeast, fluvial features are present within a ~10 km crater (termed 
crater X) that is well-preserved, but pre-dates the Mojave impact. Crater X preserves 
evidence of two climate events in which channels upon alluvial fans were formed, shown by 
cross-cutting relationships between these channels and small secondary impact from Mojave 
crater. So, although youthful fluvial features become rarer further from Mojave crater, 
indicating a localisation of climate processes, there is good evidence that youthful fluvial 
features have been formed in two episodes at least.  
Given that (a) the fans may have started to form within days of the impact event, (b) cessation 
of precipitation may have been abrupt, given the lack of evidence for late-stage incision into 
fan surfaces, and (c) that the results of the mapping conducted in chapter 3 indicate clustering 
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of fluvial activity around Mojave crater, I favour two hypotheses for water delivery to 
Mojave crater:  
(1) Localised impact induced precipitation due to impact plume related atmospheric 
effects. In addition to causing localised precipitation around Mojave crater, I suggest that 
crater X may also have been affected by the same process, but earlier on in the Late 
Hesperian to Amazonian. Crater X may have then experienced some remobilisation of 
sediments during the Mojave crater event.  
(2) The development of a regional snowpack which then melted locally as a result of 
impact induced heating. In order for this mechanism to explain the features observed in crater 
X, the snowpack must have been present for long enough to encompass the probable time gap 
between the formation of crater X and Mojave crater.  
Both scenarios support the observation that catchment-fan systems in Mojave may have 
formed early in the craters history, when intermontane basin sediments were still able to form 
pits (chapter 2). 
Analysis of channels, catchments and fans within five additional Late Hesperian to 
Amazonian-age craters shows that these also contain distributed drainage systems with 
varying drainage densities. As in Mojave, three of these craters show very strong evidence for 
erosion by precipitation, with channels draining isolated ridge crests. The terrains 
surrounding these craters (up to a distance of ~250 km radius) also show minimal evidence 
for fluvial activity which may be of comparable age (or younger) to the primary craters. I 
suggest that either of these mechanisms described for Mojave crater could also explain the 
very similar features observed within craters 1 to 5.  
If localised impact plume related precipitation occurred, then localised volatiles are required 
in order to produce precipitation. These may have been sequestered in the subsurface or be 
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present within the impactor, if it were a comet. The likelihood of all of the five impact events 
being comets is low, based upon the return times of comets of the size necessary to create 
craters ranging from 16 – 60 km (Zahnle and Colaprete, 2004). Therefore, it is likely that 
variations in drainage density within the six craters may be tied to the abundance of ice in the 
substrate, the energy of the impactor, latitude, and local atmospheric conditions. However, 
neither the size (an indicator of energy) of impact, latitude nor elevation appears to have 
played a role in the drainage density variations observed within the crater cohort in this study. 
Nevertheless, the possibility of excavation of ground water or ice in the Late Hesperian to 
Amazonian has significance for our understanding of the thickness and extent of the global 
cryosphere on Mars today and in the past.   
6.3 Eberswalde crater 
6.3.1 Evolution of the southwest deposit 
Two extremely well-preserved sedimentary deposits are present in the western sub-basin of 
Eberswalde crater, the largest deposit (which is located near the western crater rim), and the 
second largest deposit (which is located near the southwest crater rim). The morphology of 
the southwest deposit has not been previously been studied in detail, and thus chapter 4 
presents the first analysis of this sedimentary system. 
Observations from HiRISE imagery suggest that stratal units that formed as individual 
distributary fan lobes that likely terminated in a lacustrine water body. This is strongly 
indicated by the presence of channels and lobate rock bodies which show evidence for 
multiple bifurcation events around single nodal points.  
Stratal units have been identified and divided into chronologic order, where such distinctions 
are possible. Morphologic and topographic analysis of the oldest stratigraphic units shows 
that (a) stratal units backstepped towards the crater rim over time, and (b) bifurcation nodes 
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identified within within these stratal units also backstepped progressively over time. Based 
upon this, I suggest that the older stratal units contained within the southwest deposit record a 
net transgression and base level rise, which was likely caused by lake level rise through time. 
The youngest stratal units display a contrasting behaviour (they have low gradient top 
surfaces, have cliff-forming edges formed by erosion, and one stratal unit contains evidence 
of multiple sinuous channels) which I suggest may record regressive behaviour in the latter 
stages of deposit formation.   
This behaviour is in contrast to that recorded within the most studied sedimentary system 
within Eberswalde crater: the west deposit. This does not record similar evidence for 
transgressive behaviour. I suggest that this is because such evidence is buried beneath 
younger progradational units that dominate the morphology of the west deposit. Supporting 
this idea is the topographic data available for the two sedimentary systems. The southwest 
deposit is contained within the elevation range of the west deposit, but the uppermost 
sedimentary facies of the west deposit extends to a higher elevation than the top of the 
southwest deposit.  
6.3.2 Planform evolution of channels  
Through mapping of strata composing sinuous rock bodies in Eberswalde crater, I have 
interpreted two key facies: (A) Lateral accretion surfaces that form during channel migration 
and building of a point bar structure, recognized by the preserved pattern of concentric, sub-
circular strata (Smith, 1987). (B) Channel fill deposits, recognized as following the curved 
margin of the crescentic point bar, and having more limited stratification.  
The preserved planform morphologies and quantitative measures of cutoff dimensions 
resemble those of chute cutoffs for Earth examples. The evolution of the Eberswalde 
meanders was therefore strongly influenced by chute cutoff events.  
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Based upon Earth studies of chute cutoff events, three main mechanisms have been proposed: 
(1) overbank flow across a point bar directed by ridge and swale topography, (2) overbank 
flow resulting in formation of a headcut extension across the point bar (Keller and Swanson, 
1979; Gay et al., 1998), and (3) an upstream embayment on the point bar due to bank erosion 
during flooding events (Constantine et al., 2010). These mechanisms all involve localised 
flood events which inundate and erode portions of the point bar, and it is commonly thought 
that the risk of cutoff grows with increasing magnitude and duration of point bar inundation. I 
therefore suggest that formation of the multiple cutoff features in Eberswalde crater may have 
occurred during periods of high discharge from the drainage basin.  
6.4 Future research 
 This study provides key morphological constraints which should be considered in any 
future climate models which attempt to test how craters (such as Mojave crater) containing 
fluvial features formed during the Late Hesperian to Amazonian epochs. For example, such 
models should take into consideration the observation that channel features and fan surfaces 
(at Mojave crater at least) likely started to form within days of the impact event occurring. In 
particular, in order to test the specific mechanisms suggested in chapter 3 of this thesis, 
modelling would be necessary of (a) the potential for volatile fallout from an impact plume in 
a variety of potential Amazonian-age atmospheric settings, and (b) the potential for snow-fall 
and melt on Mars during this time period at an equatorial latitude.   
 In addition, a planet-wide survey of youthful craters which contain fluvial features is 
needed in order to fully understand how widespread such activity was on Late Hesperian to 
Amazonian Mars. This survey would ideally include mapping of surrounding fluvial features, 
as well as dating methods (crater counting) in order to constrain the chronology of the 
features.       
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 Research into stratigraphy of ancient craters (such as ongoing research at Gale crater 
through the Mars Science Laboratory Curiosity rover mission) should take into account 
findings regarding the erosion of intracrater ranges when interpreting rocks.  
 For Eberswalde crater, future research might focus on meshing the different facies 
mapped in this project, with a map of clays and other minerals identified using the Compact 
Reconnaissance Imaging Spectrometer for Mars (CRISM). This could provide further 
indications of whether the proposed sedimentary facies show stronger evidence for aqueous 
minerals than the basement unit.    
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7.1 Appendix I: Supporting documentation to chapter 2  
7.1.1 Digital Terrain Model construction methods 
The only current method to create geodetically qualified 3D DTMs from CTX and HiRISE 
images of the Martian surface is by using stereo pair image analysis. CTX imagery provides 
up to ~6 m resolution, and HiRISE provides up to ~20 cm resolution imagery (Malin et al., 
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2007; Kirk et al., 2008). As areas covered by HiRISE usually also have MOLA, HRSC, CTX 
coverage, it is possible to create multiple topographic products that are accurately co-aligned 
to a precise geodetically controlled plane (Kim and Muller, 2009) – and this method has been 
deployed over Mojave. The geodetic control is gained from using MOLA-HRSC low-
resolution topographic data, and applying this to the higher resolution data. The method has 
been tested in Kim and Muller (2009), and in recent Martian research (Warner et al., 2010a; 
Warner et al., 2010b).      
 
Figure 7-1: (A) MOLA and CTX DTM comparison. (B) MOLA, HRSC, CTX and HiRISE 
DTM comparison.  
 
7.1.2 Assessment of DTM height accuracy  
Due to the high signal to noise ratio and relatively high horizontal instantaneous field of view 
together with an updated stereo matcher (Kim and Muller, 2009), the CTX and HiRISE 
topographic products produced for Mojave crater demonstrate highly reliable quality (Kim, 
2010). To determine the accuracy of the topographic products, the relevant MOLA PEDR 
tracks (corrected for bad orbits and biases (Neumann et al., 2001)) were employed to 
calculate the difference between MOLA heights and the gridded elevation from the HRSC, 
CTX and HiRISE DTMs. Figure 7-1 shows a comparison between MOLA and CTX data 
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across the entire crater using MOLA track 14263, and Figure 7-1 shows comparison between 
MOLA, HRSC, CTX and HiRISE data on the crater rim using MOLA PEDR track 14886.  
The data sets are very well matched, showing excellent accuracy for the topographic 
products. There is big difference between MOLA footprint size and the spatial gridding size 
of stereo DTMs so that the little discrepancy between MOLA-CTX, HiRISE DTMs can be 
interpreted as the effect of spatial resolution difference of the DTMs rather than inaccuracy of 
photogrammetric control. Spatial resolution effects are described in Kim and Muller (2009) 
and Kim and Muller (2008). 
7.1.3 Drainage basin analysis 
I used the following parameter settings to create my graphs:  
Theta ref: 0.45  
Remove spikes: yes  
Smoothing: yes, 10 
Contour sampling window: 1 (vertical resolution in meters of the DTM)   
Auto k_sn window (km): 0.02  
Search distance (pixels): 10 
 
In order to compare multiple rivers it is common to fit the different profiles using a reference 
theta (concavity) in order to determine normalized steepness values (Wobus et al., 2006). 
Reference theta is taken as the mean of observed theta values (Wobus et al., 2006). In theory, 
comparing steepness values from different river profiles can indicate whether the history of 
uplift and/or base level change was similar. Therefore, I took the average of the theta values 
calculated from initial trials using Stream Profiler, and used this to output final results across 
range A. Table 7-1 shows the theta and normalized steepness values for catchments 
numbered 1 – 17.  
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Catchment number Theta Normalised Steepness 
1 -0.04 0.306 
2 -0.036 0.451 
3 -0.15 0.536 
4 0.13 0.419 
5 0.24 0.353 
6 0.09 0.302 
7 -0.087 0.255 
8 0.023 0.482 
9 -0.14 0.352 
10 -0.16 0.398 
11 0.082 0.416 
12 0.11 0.524 
13 0.11 0.42 
14 0.29 0.5 
15 0.21 0.355 
16 -0.17 0.165 
17 -0.22 0.239 
Average type 1 -0.11 0.35 
Average type 2 0.16 0.41 
Average range area A 0.04 0.39 
Average range area B 0.00 0.37 
Average all 0.016588235 0.380764706 
Table 7-1: Theta (concavity) and normalized steepness values for RD catchments 1 – 17 
across ranges A and B. The lower the theta value, the more convex the profile - note that type 
1 has lower theta than type 2 catchments, and are more convex.  
 
7.1.4 Fan sediment volume methods 
Method 1: estimation of catchment volumes: 
Here I describe a method for calculating the volume under a lid, carried out using Arcmap. A 
polygon was digitized around the edge of each catchment using ArcHydro Tools. The 
polygon was converted to 3d point values. At this stage, there was some terrain in the middle 
of the polygon that was higher than the defined drainage basin margin. New points in the 
middle of the polygon that acted as tent poles were created to avoid negative difference 
values between the newly created grid (lid) and the original DTM surface. From these 3d 
  
325 
 
points a TIN file was interpolated, and converted to a raster. This raster was then differenced 
from the original DTM using the raster calculator, and all the different values from the last 
step summed in order to get the total elevation value for the area under the lid, and hence a 
catchment volume.  
Range 
Fan 
number 
Source 
type 
Estimated 
catchment 
volume 
(m³) 
Estimated 
fan 
thickness  
(m) 
Estimated 
fan 
volume 
(m³) 
Estimated 
fan 
thickness  
(m) 
A 1 Range  868421 18.6 484710 5.52 
A 2 Range  29971 1.3 167589 7.07 
A 3 Range  56348 3.5 90007 5.43 
A 4 Range  43619 4.6 44917 4.28 
A 5 Range  28941 2.3 64007 4.13 
A 6 Range  1313687 8.6 1806234 12.42 
A 7 Range  1890020 10.9 2489378 15.53 
A 8 Range  125171 1.3 1120161 11.96 
Table 7-2: Fan and catchment volume data for method one (catchment volumes) and method 
two (fan volumes).    
 
Method 2: estimation of fan volumes: 
Here I describe a method for calculating the volume of the fan bodies directly, carried out 
using Arcmap and Excel (method by Dr Susan Conway). Using ArcGIS, the DTM and ortho-
image were loaded in and a polygon digitised around the fan or fan bajada (fans do not need 
to be analysed separately if they are in continuous with each other). Profile lines (consisting 
of 3d points) were digitised lengthways down the fan systems at various positions (making 
sure they begin in the lower catchment and end in the intermontane basin). In addition, a 75 
m wide mask of 3D points around the edge of the polygon was produced.  
In Excel, I fit trend lines to both the slope of the intermontane basin surface and the slope of 
the lower catchment. These trend lines were extended to meet under the fan surface, and a 
line of 3d points extracted (including XY coordinates and Z value) along them. These values 
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were then loaded back into Arcmap and used, along with the 75 m buffer of 3D points, to 
create a new interpolated surface designed to capture elevation information about the 
potential bedrock surface underlying the fan sediments. By differencing the interpolated 
surface from the DTM, in the area of the original fan polygon, the fan volumes were 
estimated. Table 7-2 shows the data extracted using both methods.     
7.1.5 Chronology – crater counts of outflow channel floor 
I present (1) a map showing the location of the crater counts obtained from the outflow 
channel floor Figure 7-2, and (2) the crater count statistics (Table 7-3).  
Surface 
Area 
(km
2
) Counts N(0.1) N(0.5) N(1.0) N(8.0) 
Flood 
Model Age, 
Ga 
Resurfacing 
Event Age 
(Ga) 
Outflow 
channel 
floor 
5900 
km
2 
1239 
1.168 
x10
3 
63 8 N/A 
 
2.87 +0.44/-
0.99 
1.52 +0.04/-
0.04 
Ejecta 
blanket 
8300 
km
2 
181 N/A 65 73 N/A 
3.74 +0.04/-
0.06 N/A 
Table 7-3: Crater statistics for the outflow channel floor south of Mojave crater. 
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Figure 7-2: (A) Location of crater counts for flood channel floor. Yellow shows craters. Red 
outline shows area counted. The strips without craters counted were considered to have a 
great number of secondary craters and clusters. (B) Location of crater counts for ejecta 
blanket. Yellow shows craters. Red outline shows area counted.   
 
7.1.6 Chronology - crater counts of Mojave crater’s ejecta blanket 
I counted all craters on Mojave crater’s continuous ejecta blanket that are larger than 300 m 
in diameter, excluding areas (a) where bedrock crater rim is visible, (b) where ejecta is 
situated overlying highland terrain, (c) affected by obvious secondary crater chains. Note that 
the entire CTX image P04_005253_1875 showed evidence of extensive secondary cratering, 
including long chains of craters and crater clusters, and was not included in the count. Our 
counts were obtained from multiple CTX strips (6 m pixel
-1
). See Figure 7-2 for locations of 
crater counts. Figure 7-3 illustrates the derived crater cumulative frequency curves for a 
dataset of 181 craters, covering an area of 8299 km
2
. For statistics see Table 7-3. The data 
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shows a fit of 3.74 Ga for craters sized 1.2 km diameter upwards. For craters sized < 1 km in 
diameter there is a rapid decline in slope of the cumulative frequency curve.   
 
Figure 7-3: Binned cumulative crater frequency histogram for the ejecta blanket.  
 
The Late Noachian to Early Hesperian crater model age of 3.7 Ga, derived for the crater 
ejecta, is significantly older in comparison to the previously published Hesperian to 
Amazonian age of the crater itself (Williams and Malin, 2008) and the crater count statistics 
from the flood channel. I suggest that the model age is more likely to be inherited from the 
underlying outflow channel, although this cannot explain why the age obtained is older than 
the age obtained from the outflow channel floor (see section 2.3.2). It may be affected by the 
poor preservation of the ejecta blanket, making it difficult to distinguish between craters and 
other morphology. The morphology of the majority of larger craters confirms that they may 
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be older than the ejecta as they do not superpose, but are embayed by the ejecta. All craters 
on the Mojave ejecta exhibit poorly preserved rims (partially covered by ejecta) and are 
partially infilled and thus hard to detect. The slope decrease of the cumulative frequency 
curve for the smallest crater populations (diameter = < 1 km) may indicate that (1) the 
embayment and partial coverage of pre-existing smaller craters makes them hard to detect, or 
(2) the ejecta material is soft and easily eroded, and does not easily retain small post-Mojave 
craters.  
7.1.7 Quantifying range asymmetry 
 
Figure 7-4: schematic showing variables measured when analysing range asymmetry. See 
Barnes et al., 2008 for full details).  
 
7.1.8 Fan profile analysis 
In order to conduct regression analysis of the Mojave crater fans, I used a method outlined in 
Williams et al (2006): fitting a power law regression to slope-distance data. The following 
steps were carried out. The Stream Profiler tool (see appendix 7.1.3) was used to output a 
graph showing slope versus upstream distance for each of the fans within range A. To do this 
stream paths were selected that run in as straight a line as possible, down the approximate 
centre of each fan – a small error of < 5% may be induced due to the slight variations in flow 
path direction. Power law regression functions were fit to the plotted data, and both the Ø 
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(concavity index) value (see section 2.5.4 for equation) and the correlation coefficient were 
exported. Locations for profiles taken across fan surfaces at various intervals from apex to toe 
and displayed on Figure 2-15 are shown in Figure 7-5, below. 
 
Figure 7-5: Locations of fan profiles displayed in Figure 2-15. 
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7.2 Appendix II: supporting documentation to chapter 3  
7.2.1 Mojave crater: distribution of fluvial features 
 
Figure 7-6: Mapped distribution of degraded fluvial features in the region surrounding 
Mojave crater. Red shows sinuous valley systems and green shows alcoves on scarps. The 
features are heavily eroded in appearance.  
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Figure 7-7: Mapped distribution of craters containing fluvial features in the region 
surrounding Mojave crater. 
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Crater 
number 
Location Distance from 
Mojave crater’s 
centre (km) and 
azimuth 
direction 
Diameter 
(km; length 
of long axis 
if 
irregularly 
shaped) 
Brief description 
1 328 E, 9.02 N 
G17_024873_1913_
XI_11N031W 
108 
NE 
1.5  HiRISE not available. Part 
of a secondary crater chain 
from Mojave crater. 
Irregularly shaped with 
dissection of rim occurring 
predominantly on south and 
east sides. Sinuous channels 
and fans observed.   
2 328.32 E, 8.79 N 
ESP_013968_1890 
ESP_014390_1890 
(Stereopair) 
B02_010566_1874_
XI_07N031W 
113 
NE 
2.2  HiRISE available. Part of a 
secondary crater chain from 
Mojave crater. Fairly 
circular with rim dissection 
by channels all around rim. 
Channels observed on ejecta 
blanket of crater, 
particularly to the north.   
3 328.35 E, 8.76 N 
ESP_013968_1890 
ESP_014390_1890 
(Stereopair) 
B02_010566_1874_
XI_07N031W 
 
107 
NE 
1.8  HiRISE available. Part of a 
secondary crater chain from 
Mojave crater. Irregularly 
shaped with long axis east-
west. Channels observed all 
around crater, but very high 
concentration of sinuous 
branching channels on 
northern rim. These form a 
large catchment with several 
orders of channel.  
4 327.94 E, 8.56 N 
ESP_013256_1885 
ESP_022104_1885 
P11_005358_1875_0
7N032W 
82 
NE 
3 HiRISE available. Likely 
part of a secondary crater 
chain from Mojave crater. 
Circular. Rim dissected with 
catchment/alcoves 
containing branching 
sinuous channels on east and 
north sides. Fans with 
channels clearly observed on 
east floor of crater. 
5 327.94 E, 8.56 N 
P11_005358_1875_0
7N032W 
85 
NE 
2 HiRISE not available. 
Likely part of a secondary 
crater chain from Mojave 
crater. Circular shaped with 
dissection of rim occurring 
predominantly on south side. 
Sinuous channels and fans 
observed.   
6 328 E, 8.48 N 
ESP_013256_1885 
82 
NE 
1.9 HiRISE available. Likely 
part of a secondary crater 
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ESP_022104_1885 
P11_005358_1875_0
7N032W 
chain from Mojave crater. 
Circular. Rim dissected with 
catchment/alcoves 
containing branching 
sinuous channels on east 
side.  
7 329 E, 7.47 N 
B16_015946_1865_
XN_06N030W 
118 
E 
1 HiRISE not available. 
Likely part of a secondary 
crater chain from Mojave 
crater, impacted into pre-
existing scarp. Dissection of 
rim occurring predominantly 
on north side.  
8 328.93 E, 7.46 N 
B16_015946_1865_
XN_06N030W 
113 
E 
1.2 HiRISE not available. 
Likely part of a secondary 
crater chain from Mojave 
crater. Dissection of rim 
occurring predominantly on 
south, east and north sides. 
9 326.06 E, 7.87 N 
P04_002523_1875_
XN_07N034W 
55 
W 
1.3 HiRISE not available. 
Likely a crater that was 
buried by Mojave crater’s 
ejecta blanket due to low 
rims and infilling. However, 
may alternatively be a 
secondary that is more 
degraded than others due to 
proximity to Mojave. 
Catchment and fan 
formation on west rim.     
10 325.14 E, 10.77 N 
ESP_026983_1910 
ESP_027682_1910 
B02_010487_1917_
XN_11N034W 
 
220 
NW 
10 Fans associated with inner 
ring ranges. These do not 
have well defined 
catchments within the ranges 
– they appear to emanate 
from scree slopes. The fans 
themselves have the surface 
characteristics of range-
derived Mojave fans. They 
are dark toned, contain large 
grains, and are densely 
channelled. Good evidence 
for extensive flow of 
material between inner ring 
terraces, and the fans 
associated with these have 
linear channels. 
Table 7-4: Craters showing strong evidence for fluvial activity within ~300 km radius of 
Mojave crater. 
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7.2.2 Crater depth-diameter measurements 
For equation by Garvin et al. (2000; 2003) see section 2.3.3. Using MOLA 128ppd data 
loaded into JMARS software, I took a series of profiles across the craters, and took the lowest 
and highest values to work out the actual crater depths. Since Mojave crater, and crater 4, 
also have HiRISE DTMs, I also compared the results of an analysis performed using a DTM 
to that using MOLA data. For Mojave crater, the depth according to the MOLA method was 
underestimated by ~150 m, and for crater 4 both methods were in agreement. This indicates 
that the two methods give results which are comparable enough to be used in this analysis.  
Crater 
name Crater 
diameter 
Lowest 
elevation 
(km) 
Highest 
elevation 
(km) 
Actual 
depth (km) 
Predicted 
depth (km) 
Difference 
(km) 
1 55 -5.232 -2.9 2.33 2.56 0.23 
2 40 0.172 2.321 2.15 2.19 0.04 
3 35 -3.891 -1.825 2.07 2.06 -0.01 
4 17 -2.717 -1.306 1.41 1.44 0.03 
5 25 -5.504 -3.801 1.70 1.74 0.04 
Mojave 58 -5.175 -2.789 2.39 2.63 0.24 
Crater 
X 9.2 -3.298 -2.233 1.07 1.07 0.00 
Table 7-5: Actual versus predicted depths for fresh complex craters according to equation 2-
1.  
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7.2.3 Fan statistics for crater X and crater 4  
Crater X 
fan 
numbers  
Gradient to 
nearest whole 
number 
(degrees) Length (m) 
Crater 4 fan 
numbers 
Gradient to 
nearest whole 
number 
(degrees) Length (m) 
1 8 756 1 13 334 
2 8 398 2 8 774 
3 7 415 3 N/A 260 
4 9 251 4 9 322 
5 N/A N/A 5 9 580 
6 12 314 6 11 235 
7 13 534 7 8 775 
8 9 629 8 9 320 
9 12 245 9 8 852 
10 11 297 10 7 593 
11 12 902 11 12 489 
12 12 950 12 N/A N/A 
13 12 859 13 14 331 
Minimum 7 245 14 N/A 161 
Maximum 13 950 15 11 1042 
Mean 10 546 16 9 1230 
   17 9 490 
   18 11 2352 
   19 8 1124 
   Minimum 7 161 
   Maximum 14 2352 
   Mean 10 681.3 
Table 7-6: Fan statistics for crater X and crater 4. 
 
7.2.4 Drainage density mapping 
The following figures show mapping of drainage density analysis for all craters in this study. 
Red lines show the digitised channels, and yellow outlines show the polygons used for area 
measurements.  
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Figure 7-8: Mojave Crater – north rim 
 
Figure 7-9: Mojave Crater – south rim 
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Figure 7-10: Mojave Crater – east rim 
 
Figure 7-11: Crater X   
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Figure 7-12: Crater Y 
 
 
Figure 7-13: Crater 1   
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Figure 7-14: Crater 2   
 
Figure 7-15: Crater 3 
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Figure 7-16: Crater 4   
 
Figure 7-17: Crater 5   
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7.2.5 Statistics comparing drainage density to crater size and location variables 
Crater name Drainage 
density (to 1 
decimal place) 
Approximate 
size (km) 
Latitude 
(degrees) 
Elevation (in m, as 
compared to datum) 
1 0.6 55 10 -3780 
2 0.4 40 -18 1820 
3 1.2 35 19 -2670 
4 2.0 17 9 -1750 
5 0.9 25 36 -4100 
Mojave 6.1 60 8 -3900 
X 3.7 9 11 -2500 
Y 3.3 1.8 9 -2700 
Z 2.9 2.2 9 -2750 
Table 7-7: Statistics showing crater rim drainage density as compared to the following 
variables: crater size, latitude, and elevation. Note that elevation values are taken from 
outside the crater, on the target material using MOLA 128ppd data loaded into the JMARS 
software package. 
 
 
7.2.6 Transient crater depth compared to modelled thickness of cryosphere by 
Clifford (1993) 
Crater name 
Crater diameter 
(km) 
Current crater 
depth (km) 
Approximate 
modelled 
cryosphere 
thickness by 
Clifford (km) 
(1993) 
Excavated crater 
depth (km) 
Crater 1 55 2.332 2 2.75 
Crater 2 40 2.149 3 2 
Crater 3 35 2.066 3 1.75 
Crater 4 17 1.411 2 0.85 
Crater 5 25 1.703 3 1.25 
Mojave  58 2.386 2 2.9 
Table 7-8: Data showing approximate modelled cryosphere thickness by Clifford (1993) and 
predicted excavated crater depths (O’keefe and Ahrens, 1993) for craters 1 to 5 and Mojave. 
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7.3 Appendix III: supporting documentation to chapter 4 
7.3.1 Facies mapped in Rice et al. (2012) 
(1) Massive, basal unit. This is light toned, fractured, and non-layered, situated in a 
topographically low position. The unit is interpreted as representing a “window” into pre-
crater-fill bedrock.  
(2) Orthogonally-fractured unit. This unit is massive and systematically fractured with 
spacings from 5-50 m apart. It outcrops on the southern crater rim. The unit is interpreted as 
either being pre-crater-fill bedrock, or large ejecta blocks from the Holden impact event.  
(3) Brecciated unit. Megaclasts enclosed in a light-toned matrix, present mainly in the 
western sub-basin. Veins of up to 2 km in length are occasionally contained within the unit. 
This unit is interpreted as megabreccia derived from impact events, for example the Holden 
crater impact event.  
(4) Pitted unit. Extensively covers the floor of the crater. Light toned and exhibits depressions 
at a variety of scales, from >30 m wide, to < 10 m wide. A range of topographic expressions 
exist, due to mantling material – eg. undulating, scarp-forming. This unit is interpreted as 
either (1) heterogeneous erosion of an ancient surface that is saturated with impact craters, (2) 
the pitted surface of an impact melt sheet (eg. see Tornabene et al. 2012; Williams and Malin 
et al., 2008), or (3) the eroded remains of the matrix composing the brecciated unit, with the 
megaclasts removed.   
(5) Ridge-forming unit. It is characterised by extreme local relief, peaks, scarps, and ridges. 
This unit is mapped once near the fluvio-deltaic systems of interest in this study – 
immediately to the north of the southwest delta. The unit is interpreted as likely to be formed 
from crater floor units that have been draped by a mantling unit. Alternatively, they may 
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represent layered sedimentary strata – lake/fluvial, or ash deposits, that have also been 
draped.  
(6) Knobby unit. In the west-central crater floor isolated “hillocks” of light toned rock are 
present. Some are covered with metre-scale boulders, while others are light-toned and 
massive. If the boulders were deposited on the unit after emplacement, then it may represent 
an eroded (formerly laterally extensive) ejecta deposit. If they were in place, then they may 
represent eroded mesas of former sedimentary deposits eg. lake/fluvial – Rice et al. (2012) 
favour this explanation, as the boulders are most densely observed on the hillocks as opposed 
to surrounding areas. Alternatively, and more speculatively, the hillocks may be remnants of 
ice-rich terrain formed by periglacial/glacial processes.  
(7) Sub-polygonally fractured unit. This light-toned unit consists of sub-polygonally fractured 
blocks which are complementary in shape to adjacent blocks. These are present as flat-lying, 
horizontally extensive exposures. Interpreted as sedimentary material (fluvial/deltaic) which 
has fractured in-situ.  
(8) Layered light-toned unit. Light-toned rocks are layered in stacks up to ~100 m tall, and 
form the fluvio-deltaic systems themselves. The layers can be sub-polygonally fractured and 
boulder shedding (of 1 – 10 m clasts), particularly in the lower portions of the stacks. It is 
unclear from imagery whether or not some layers have varying albedos, or if this is an effect 
of a mantle unit or shadows. Certainly, some layers appear to be more resistant to erosion 
than others, forming caps that project out over underlying rocks.  
(9) Mantling unit. This fine-grained, medium-dark-toned, and smooth unit covers much of the 
Eberswalde basin. It overlies all other units, apart from the dark-toned bedforms. It is cliff-
forming in places and retains small crater forms, indicating that it is partially lithified.  
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(10) Dark-toned bedforms unit. In isolated locations a dark-toned bedforms unit which 
appears to be youngest (ie. not covered by the mantling unit, and does not preserve many 
small impact craters) is present.       
7.3.2 Facies logs  
Transects 1 to 28 were taken across each stratal unit, and facies logged on the resultant 
profiles shown below. Locations of transects shown in Figure 7-18.  
 
Figure 7-18: Locations of transects 1 to 28 shown on HiRISE image. Transects that are 
oriented lengthways down the stratal units (used to depict the topographic profiles down SUs 
in Figure 4-16 in chapter 4), and the perpendicular transects used to create the figures in this 
appendix section are shown.   
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Figure 7-19: Figures above show profiles across SUs 1 to 10 that were used to reconstruct 
SU thicknesses in section 4.7. 
7.3.3 Dip and strike measurements 
Stratal 
Unit Ref Strike 
Strike 
Error 
(+/-) 
Dip 
(degrees) 
Dip 
Error 
(+/-) 
No. 
Points 
Standard 
Error  
9 A (Lower) 247.7 23.7 8 5 12 1.43 
9 B  246.3 31.8 7 7 14 1.22 
9 C (Upper) 236.1 178.2 4 13 6 0.69 
8 A (Lower) 241 71.4 2 4 13 1.04 
8 B  275.7 133.7 1 4 14 0.72 
8 C 265.6 63 1 3 8 0.32 
8 D (Upper) 264.7 77.5 1 5 12 0.39 
5 A 265.7 38.2 2 2 16 0.41 
5 B  260.2 74.5 1 3 7 0.26 
5 C 317.4 185.3 1 3 14 0.54 
5 D 56.9 48.5 2 2 9 0.21 
5 E 249.3 128.9 1 3 13 0.48 
5 F 256.8 229.4 1 3 10 0.7 
5 G 325 131 1 3 10 0.46 
5 H 50.7 65.3 2 3 10 0.2 
5 I 48.9 163.8 1 2 12 0.43 
5 J 35.9 83.5 1 1 8 0.44 
5 K 27.7 149.6 1 3 9 0.41 
5 L 30.9 108.1 2 3 14 0.54 
2 A 261.5 177.9 1 2 17 0.46 
2 B  164.3 118.6 1 1 19 0.75 
2 C 281.3 80.9 2 2 13 0.4 
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Table 7-9: Dip and strike measurements for stratal units 2, 5, 8 and 9 made using Orion 
software by Pangea Scientific. Includes errors for both dip and strike, and the standard error 
of estimate. Measurements were only taken where a significant length of traceable outcrop 
line was visible. 
 
Figure 7-20: Dip and strike measurements on SU2 made using Orion.  
 
Figure 7-21: Dip and strike measurements on SU5 made using Orion.  
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Figure 7-22: Dip and strike measurements on SU8 made using Orion.  
 
Figure 7-23: Dip and strike measurements on SU9 made using Orion. Measurements were 
only taken where a significant length of traceable outcrop line was visible.  
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7.4 Appendix IV: supporting documentation to chapter 5 
7.4.1 Quantitative analysis of meander planform 
Figure 7-24: (A) Screen capture from ArcGIS showing channel outline, channel centerline, 
station lines to calculate channel width, position of cutoff chord, and the radius of curvature 
(Rc). (B) Schematic showing how the position of chute cutoffs was evaluated. Tangential, 
axial and chord are shown from top to bottom. Adapted from Lewis and Lewin (1983).   
 
I used techniques developed by Alqhatani (2011) to collect data on the dimensions of the 
cutoffs, cutoff ratio, local sinuosity and radius of curvature. The steps I took using ArcGIS in 
combination with the ET Geowizard add-on are outlined here: (1) digitisation of the channel 
outline, and extraction of a smoothed channel centreline, (2) creation of “station lines” 
perpendicular to the centreline, and intersecting the channel outline – these were used to 
calculate an estimated channel width, (3) digitisation of the cutoff chord, (4) extraction of 
centreline and chord lengths, (5) digitisation of a circle to calculate radius of curvature of the 
cutoff meander bend. See Figure 7-24 which shows an ArcGIS screen capture of these 
features being measured.  
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